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Foreword 


OLUME 6 of the Transactions of The American Society of Mechanical 

Engineers wntains the individual papers published during 1945 under 
the sponsorshipot the Society’s professional divisions and technical com- 
mittees, includirg the contributions of the Applied Mechanics Division, issued 
originally in a qarterly known as Journal of Applied Mechanics, and the 1945 
Society Recordsind Index. The technical papers and reports that make up 
this volume regesent the Society’s annual contribution to the permanent 
record of mechmical-engineering achievement. Most of these papers and 
reports were préented at meetings of the Society and its professional divisions 
and sections arm were published in monthly issues, eight being distributed 
as the Transacfns of The American Society of Mechanical Engineers and 
four as the Jourwl of Applied Mechanics. Indexes to other A.S.M.E. papers 
and publicationswvill be found on page RI-87 at the end of this volume. 

In view of théact that the material of which this volume is composed was 
originally issued»eriodically as the Transactions, Journal of Applied Mechanics, 
and Society Reerds, three sets of page numbers will be found. Numbers 
without letter swwbols are those of the eight issues of Transactions, those with 
letter symbol Abreceding the number refer to the pages of the Journal of 
Applied Mechan:s, which follow, and those with letter symbecl RI to the 
Society Recordsind Index section, which concludes the volume. 

All sections ofhe Transactions are bound together at the end of the year 
for the conveniere of libraries and of engineers who wish all of the papers in 
permanent form, Copies of the bound Transactions will be found in deposi- 
tories located in ¢lected engineering, university, and public libraries through- 


out the world. | complete list of these depositories will be found on pages 
RI-85 to RI-86:f the Society Records and Index. Copies of the Trans- 
actions have als@een set aside for sale. 

The Society Reords of the A.S.M.E. for 1945, which form a part of these 
Transactions, artthe permanent records of the Society’s activities for the 
year, including lis of committees. The Index provides a means of locating 
special A.S.M.E.ublications and articles in Mechanical Engineering, as well as 
in the Transactid. 


THE COMMITTEE ON PUBLICATIONS 
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Methods of Joining Aluminum-Alloy 
Products 


By E. C. HARTMANN,' G. O. HOGLUND,! anv M. A. MILLER! 


- 


American industry has never fully realized the possible 
economies that can be achieved by using the light alloys, 
particularly the aluminum alloys, as structural metal. 
There were many reasons for this, most of which are no 
longer valid. The end of the war will find fabricating 
capacity that can deliver metal in quantity, sizes, and 
high-strength alloys to meet the most ambitious program 
to use the metal in all types of transportation, architec- 
tural, structural, or other fields that can be foreseen. 
It is the purpose of the authors to make clear the many 
procedures that have become established for making 
joints in these alloys. The discussion will include the 
common practices of riveting, welding, brazing, soldering, 
and a promising new possibility, resin-bonding. These 
methods will be considered as specifically as space permits 
to provide a comprehensive picture of the subject. Addi- 
tional and more detailed information and training will be 
required to put the methods into practice, and further 
inquiry on any of the methods will be welcomed. 


RIVETING 


IVETING as a means of joining metal parts is, of course, 
R a very old art and was adapted to aluminum-alloy con- 
’ struction from the very early days of the aluminum 
industry. The riveting of aluminum-alloy parts differs from the 
riveting of other metal structures only in material and certain 
phases of procedure. It ic the purpose of this part of the paper 
to bring together present information on commercial riveting 
practices as they apply to aluminum-alloy construction. 


Auuminum-ALLoy RIvets AND THEIR CHARACTERISTICS 


Of the numerous wrought-aluminum alloys commercially availa- 
ble today, there are five which are used commercially in the form 
of rivets for joining aluminum-alloy structures. These are de- 
scribed in the following paragraphs. 

Commercially Pure Aluminum (2S). Rivets of commercially 
pure aluminum are very soft and are used only for nonstructural 
joints in construction involving the low-strength aluminum al- 
loys. They are not heat-treated either during manufacture or 
subsequently by the user but are used in an intermediate cold- 
worked temper representing the condition in which they come 
from the heading tools. They are readily driven cold and in the 
driven condition will develop an average shear strength of about 
11,000 psi. Since their use is almost entirely confined to non- 
structural joints, they will not be discussed in the remainder of 
this paper. 

A178 Alloy Rivets. - This alloy contains nominally 2.5 per cent 
copper, 0.3 per cent magnesium, balance aluminum. Rivets of 
this alloy are heat-treated as the last step in their manufacture 


1 Aluminum Research Laboratories, Aluminum Company of 
America, New Kensington, Pa. 

Contributed by the Metals Engineering Division and presented at 
the Semi-Annual Meeting, Pittsburgh, Pa., June 19-22, 1944, of 
THe AMERICAN Society OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


and are used without subsequent heat-treatment. They are 
driven cold and develop an average shear strength of 33,000 psi 
in the driven condition. They are readily driven in sizes up to 
3/, in. diam with ordinary equipment and can be coid-driven in 
even larger sizes, especially if suitable squeeze riveters are availa- 
ble. Rivets of A17S are the most widely used of all aluminum- 
alloy aircraft rivets and have also been successfully used in other 
types of structures where the parts to be joined are of aluminum 
alloy 148, 178, or 24S. 

17S-T Alloy Rivets. This alloy consists nominally of 4 per 
cent copper, '/: per cent each of manganese and magnesium, bal- 
ance aluminum. Rivets of 17S alloy are always heat-treated 
before use. Ordinarily they are heat-treated at the plant of the 
manufacturer before shipment and are subsequently reheat- 
treated by the user just prior to use in order to render them soft 
enough to be headed easily. The heat-treatment consists of heat- 
ing the rivets to a temperature of 930 to 950 F and quenching in 
cold water. The rivets are relatively soft for a period of 1 to 2 
hr after quenching, and then they harden gradually at room tem- 
perature, reaching their full strength in about 4 days. This age- 
hardening can be postponed, and the soft condition greatly pro- 
longed by storing the rivets at low temperatures immediately 
after quenching. Upon removal from the cold storage, which is 
often a simple dry-ice chamber, the rivets resume their normal 
rate of room-temperature aging. 

When used in the larger sizes, 17S rivets can be successfully 
hot-driven if heated within the heat-treating temperature range 
of 930 to 950 F and driven promptly upon removal from the heat- 
ing medium so as to obtain a quench in contact with the material 
into which they are being driven. These rivets are generally 
stronger than A17S-T rivets, but their shear strength depends 
somewhat upon the driving conditions as will be explained later. 
They have been used widely in construction of aircraft but are 
also used in general structural applications involving parts of 
148, 178, and 24S alloys. 

24S-T Alloy Rivets. These rivets have a nominal composition 
of 4.5 per cent copper, 0.6 per cent manganese, 1.5 per cent mag- 
nesium, balance aluminum. They are always heat-treated be- 
fore use, using a heat-treating temperature range of 910 to 930 F, 
followed by cold-water-quenching and 4 days’ aging at room tem- 
perature. They are supplied in the heat-treated temper but 
should be reheat-treated by the user just prior to driving, in order 
to make them soft enough to be headed satisfactorily. Rivets of 
24S alloy remain soft enough for driving for only about 20 min after 
quenching if held at room temperature, so that, like 17S rivets, 
they are usually stored at low temperatures to prolong the period 
during which they can be headed satisfactorily. Typical driven 
rivets in this alloy will develop a shear strength of about 42,000 
psi after about 4 days’ aging at room temperature. These rivets 
are the strongest and most difficult to drive of the commercial 
aluminum-alloy rivets, and their use has been largely confined to 
aircraft applications. 

53S-T61 Alloy Rivets. The nominal composition of this alloy 
is 0.7 per cent silicon, 1.3 per cent magnesium, 0.25 per cent 
chromium, balance aluminum. These rivets are heat-treated by 
the manufacturer before shipment and are generally driven cold 
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by the user without subsequent reheat-treatment. They are 
somewhat easier to drive than A17S-T rivets and can be upset 
cold with ordinary driving equipment in sizes up to 1/zin. Typi- 
cal cold-driven rivets of this alloy develop a shear strength of 
about 23,000 psi. Sizes larger than '/2; in. can be driven cold, 
especially if suitable squeeze-riveting equipment is available. 
Where suitable squeeze-riveting equipment is not available, how- 
ever, the rivets may be successfully driven hot by heating them 
to temperatures within the range of 960 to 1050 F, and driving 
promptly after removal from the heating medium so as to obtain 
a quench in contact with the material through which the rivet is 
being driven. The shear strength of such rivets is a function of 
the driving temperature and of the aging time after driving, as 
will be explained later. 

Rivets which are ordered specifically for hot-driving may be 
ordered as 53S-W rivets rather than as 53S-T61 rivets because 
the W temper is cheaper and gives equally good results when hot- 
driven. Rivets of 53S-T61 (and 53S-W) alloy have been most 
widely used in marine construction in conjunction with plates 
and shapes of 52S, 53S, and 61S alloys because in combination 
with these they exhibit excellent resistance to salt water and other 
types of corrosive action. 


COMMERCIAL SIZES AND TYPES OF ALUMINUM-ALLOY RIVETS 


Aluminum-alloy rivets are produced in the following diameters: 
1/16, 1/8, 3/16) 7/32) 3/2) 7/16) 1/2, °/16, and 
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10 11 12 13 
Head Head Edge Oval 
Kind Width Depth | Radius | Radius | Depth 
E 
2 High Button 
Head*—Amer.Std.| 1.50A+ | 0.75A+ | 0.75A— | 0.75A+ |....... 
0.031 0.125 0.281 0.281 
3 Round Head 2A 0.75A ; 
4 Mushroom Head | 2A 0.625A 1.634A | 050A /...... 
5 Brazier Head 2.50A 0.50A 1.8125A | ..... AE TE 
**§ Modified Brazier 
Head—AN-456 
**10 100° Flat Ctsk. 
Head—AN-426 
t11 Ctsk. Oval Head | 1.81A 0.50A 1.7656A 4 ....... 0.25A 
_ $12 Ctsk. Oval Head | 1.577A | 0.50A PER: Ty 0.187A 
13 Tubular Shank This rivet made with several sizes of heads. 


*The high hutton head supplied in sizes 14 inch and larger. 
tFor sizes up to and including J¢-inch diameter. 
}For sizes 4 inch and larger. 

**Standard Alcoa chamfer is optional. 


Fie. 1 Common Typres or Heaps SuppLieD ON ALUMINUM-ALLOY 
RIvEetTs 
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3/,in. Larger-size rivets can be obtained if necessary, 7/s; in. and 
1 in. diam having been produced on special order. 

Various styles of manufactured heads are available on alumi- 
num-alloy rivets, as indicated in Fig. 1. Rivets may be obtained 
in a wide range of lengths. Many of the smaller sizes are availa- 
ble with a slight rounding or chamfer on the end of the shank. 


PREPARATIONS FOR RIVETING 


Rivet Holes. Rivet holes in aluminum-alloy structures may be 
either drilled, punched, subdrilled and reamed, or subpunched 
and reamed. In general, the reamed holes are much to be pre- 
ferred, especially if the reaming is done in assembly to give the 
holes exact coincidence. It has been found that bridge reamers 
of the spiral fluted type are best suited for use in aluminum alloys. 
The clearance which is to be used in the rivet holes depends 
largely on the class of work. It is easier to drive rivets, espe- 
cially those that are cold-driven, when the clearance is small. 
If a loose fit is used, it will be hard to hold the rivets straight, 
and eecentric heads may result. The best clearance is the small- 
est one which will allow the rivet to be inserted easily without 
delay and is usually about 2 to 3 per cent of the shank diameter. 
Hot rivets require slightly more clearance than cold ones because 
it is harder to handle them, and delay in inserting them in the 
holes must be minimized. 

Rivet holes tend to get out of coincidence during the driving 
operation because of slippage, swelling of the metal, and warping 
caused by heat. For this reason, the work should be assembled 
firmly by bolts before driving. The bolting should be tight to 
prevent slippage and to prevent the rivets from squeezing out 
between the parts of the joint. 

Flush-Riveting. Machine countersinking of aluminum-alloy 
plates for flush-riveting should be done with a clean sharp tool 
using a stop to prevent countersinking too deeply. It is impor- 
tant that machine-countersunk holes be free from metal chips 
and burrs, and that precautions be taken to avoid getting the 
metal chips between the faying surfaces. 

In the thinner aluminum-alloy sheets, up to about '/j¢ in. in 
thickness, it is common practice in the aircraft industry to pre- 
pare the sheets for flush-riveting by dimpling instead of by 
machine countersinking. The dimpling operation consists of 
pressing a depression into the sheet and using this recess to receive 
the countersunk head of the rivet. Where two thin sheets are 
used together, both are dimpled and one is nested into the other 
before the rivet is driven. Where one thick and one thin sheet 
are used, the thin sheet only is dimpled and is nested into a 
machine-countersunk hole in the thick sheet. Fig. 2 shows a 
cross section of a typical dimpled-riveted joint in two thin sheets 
of aluminum alloy. 


Fig. 2. Cross Section or TypicaL JOINT 
(1/s-in-diam rivet in 0.040-in-thick sheet.) 
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A dimpled-riveted joint has a considerable advantage in strength 
over a machine-countersunk joint. This advantage is brought 
about, of course, by the fact that a considerable portion of the 
load is transferred by the dimples themselves rather than by the 
rivet. Furthermore, the sharp cutting edge sometimes present in 
the machine-countersunk sheet or plate is not present in the dim- 
pled joint. 

Preparation of Faying Surfaces. For maximum resistance to 
corrosion, all faying surfaces in aluminum-alloy riveted joints 
should be painted before assembly. The usual procedure is to 
treat with one of the phosphoric-acid solvent compounds and 
then apply one coat of zine-chromate primer to each of the fay- 
ing surfaces. The paint should be dry before the joint is as- 
sembled. The zinc-chromate pigment is reconimended_because 
it imparts a corrosion-inhibiting effect to the paint in addition to 
the ordinary covering protection. If required, a zinc-chromate- 
bearing sealing compound may be used in the joint. 


Mernops or DrivinG 


Small Rivets. Small rivets for purposes of this discussion will 
include rivet sizes '/, in. and smaller which are suitable for use 
with sheets and shapes up to about #/,. in. thick. This field of 
riveting is dominated by the aircraft industry and will be dis- 
cussed here almost exclusively from the standpoint of this indus- 
try. 

Practically all driven heads on small rivets are flat heads upset 
either by means of pneumatic hammers or squeeze riveters. In 
using @ pneumatic hammer the usual procedure in the aircraft 
industry is to apply the hammer to the manufactured head of the 
rivet and to upset the driven head against a suitable flat bucking 
bar or block held firmly against the end of the shank of the rivet. 
An equally acceptable procedure, however, is to apply the ham- 
mer to the shank end of the rivet and hold a suitably shaped buck- 
ing bar against the manufactured head of the rivet. In fact, 
where the parts being riveted are quite stiff or likely to be dam- 
aged by the battering action of the pneumatic hammer, the latter 
procedure is to be preferred. 

Where flush surfaces are required, the usual practice in aircraft 
riveting is to insert a countersunk manufactured head into the 
countersunk hole and upset a small flat head on the shank end 
of the rivet. An equally acceptable and often preferable proce- 
dure, however, is to use some other style of manufactured head, 
insert the rivet from the nonflush side of the work, and upset the 
shank end to fill the countersunk hole. To obtain satisfactory 
results with this type of driving, however, it is necessary to leave 
a portion of the driven countersunk head protruding above the 
work and to dress this off flush. Special tools for this dressing 
operation have been devised and are commercially available. 

Many special devices and techniques have been devised in re- 
cent years to speed up and generally improve the riveting of air- 
craft structures. These developments have contributed appre- 
ciably to the remarkable showing made by the aircraft industry in 
meeting the heavy demands for production during the present 
national emergency. These devices range from simple improve- 
ments in squeeze riveters for reaching locations previously inac- 
cessible, to highly developed automatic machinery which rivets 
two parts together completely, from the preparation of the hole 
to the heading of the rivet. There is little doubt that some of 
these special devices and techniques will carry over into fields of 
lightweight construction other than aircraft in the postwar period. 

Intermediate Sizes. The intermediate sizes of rivets for pur- 
poses of this discussion range from '/, in to '/; in. diam suitable 
for joining shapes and plates ranging in thickness from '/s to 
about 7/isin. Generally speaking, aluminum-alloy rivets in this 
range of sizes may be driven without heating, using pneumatic 
hammers not exceeding the size corresponding approximately to 


1 to 11/,s. in. bore and 6 to 8 in. stroke. For accessible locations, 
squeeze riveting is preferable to pneumatic-hammer riveting 
and should be employed if the equipment is available. 

In pneumatic-hammer riveting, the recommended procedure 
is to hold the bucking bar against the manufactured head of the 
rivet and upset the driven head with the pneumatic tool. If the 
work is not countersunk, a cone-point head of the type shown in 
Fig. 3 is recommended because it requires very much less pres- 
sure to drive than other types of heads such as the round head 
or button head. A small flat driven head of the type used in the 
aircraft industry is also satisfactory if desired. Where counter- 
sunk heads are used, a 60-deg included angle of countersink is 
recommended with the hole countersunk a little less than the 
thickness of the outside plate. In driving countersunk rivets, a 
tight rivet is usually obtained if the rivet is inserted from the non- 
countersunk side of the work and upset to fill the countersink 
with a slight excess of metal which can be removed to give what- 
ever degree of flushness is required for the particular job. 


Fie. Nominat Dimensions OF ConE-Porn?t AND RIVET SET 


Large-Size Rivets. Large-size rivets for purposes of this dis- 
cussion will be taken to mean rivets larger than '!/2in. diam, suita- 
ble for joining shapes and plates having thicknesses in the range 
of about '/,in. and over. If such rivets are to be driven without 
heating, it is usually necessary to employ squeeze riveters, a 
procedure which results in excellent rivets. Using the cone- 
point and 60-deg countersunk types of driven heads, described in 
connection with the driving of intermediate-size rivets, a squeeze- 
riveter capacity of 30 to 40 tons is required to handle the #/,-in. 
size rivets in the various aluminum alloys. 

The use of squeeze riveters, of course, is limited by the accessi- 
bility of the part to be riveted and the size and reach of the 
squeeze riveters available on a particular job. Where squeeze 
riveters cannot be used, it is usually necessary to drive the 
larger sizes of rivets with the application of heat to render them 
soft enough to be upset with pneumatic hammers. 

The usual procedure of hot-driving aluminum-alloy rivets is 
to heat the rivets within the normal commercial heat-treating 
range, as indicated earlier in this paper, remove them quickly 
from the heating medium, and insert them with a minimum loss of 
time in the hole so as to obtain a quench in contact with the mate- 
rial into which the rivet is being driven. This procedure usually 
calls for an electrically heated circulating-air furnace having 
good temperature control so as to insure against under- or over- 
heating of the rivets. This further calls for having the furnace 
close to the work to minimize the time of transfer of the rivet 
from the furnace to the work. Fig. 4 shows a type of rivet heater 
recently designed and built for use with aluminum-alloy rivets. 
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Fic. 4 Type or HEATED CIRCULATING-AIR FurR- 
NACE SUITABLE FOR USE IN Hot-DrIvinG ALUMINUM-ALLOY RIVETS 


Fie. 5 Type or Automatic ELectricaLty Hot PLATE 
SvuITABLE FOR Use IN Warm-DrivinGc ALUMINUM-ALLOY RIVETS 


Generally speaking, the hot-driven rivets do not develop 
quite as high shear strength as the cold-driven rivets and, of 
course, require more careful supervision to insure against faulty 
heating. The larger sizes of 17S rivets are quite difficult to drive 
and require some of the largest available pneumatic hammers 
even when properly heated and inserted in the hole with a mini- 
mum of delay. 

For 53S-T61 rivets a special “warm” driving technique has 
been developed which is often useful for the 5/s-in., °/i-in., and 
even the '/;-in. sizes. This technique consists of heating the 
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rivets to approximately 400 F, for about 10 min or more on a 
special electrically heated, thermostatically controlled hot plate 
of the type shown in Fig. 5. The rivets at this temperature, if 
driven promptly, are noticeably easier to drive than rivets at 
room temperature and can usually be upset with the ordinary 
sizes of pneumatic hammers. This warm-driving procedure, 
however, is not recommended for A178, 17S, and 24S aluminum- 
alloys rivets. 


Drivine Toots 


The tools used for driving aluminum-alloy rivets are very 
much the same as those used in riveting other metals. Smooth 
polished surfaces are best for the parts in direct contact with the 
aluminum-alloy surfaces so that a minimum of friction is offered 
to the flow of metal during the upsetting operation. Pneumatic 
hammers should be of ample size to upset the rivet without ex- 
cessive hammering. Undersized pneumatic hammers tend to 
peen the rivet rather than upset it. Bucking bars should have 


Correct 


Incorrect 


Fic. 6 SkeTcH SHOWING INCORRECT AND Correct Fit oF BuckinG 
on ManvuractureD HEAD 
(Clearance exaggerated.) 


plenty of mass, preferably distributed close to the rivet head and 
concentric with it. The manufactured head of the rivet should be 
pressed tightly against the work during the upsetting operation. 
If this is not done, or if the bucking-up set does not have suffi- 
cient mass, the manufactured head will often be separated 
slightly from the work when the driving operation is finished. 

Regardless of whether a pneumatic hammer or a squeeze 
riveter is used, the set which is held against the manufactured 
head during the driving operation should be slightly wider and 
shallower than the manufactured head so that the initial contact 
will be at the end of the head directly in line with the shank as 
shown in Fig. 6. This practice will prevent the shank from being 
driven up into the head, thereby minimizing the tendency for the 
formation of a crack or fold at the junction of the shank and the 
manufactured head. 


Use or STEEL Rivets ALUMINUM-ALLOY STRUCTURES 


Steel rivets, both hot - and cold-driven, have been used success- 
fully in aluminum-alloy structures. They are stronger than 
aluminum-alloy rivets and, when hot-driven, require less pres- 
sure to drive than most of the aluminum-alloy rivets. Steel 
rivets, however, are disadvantageous in the matter of weight, re- 
sistance to corrosion, and appearance (rust stains). 

The greatest danger in the use of steel rivets in aluminum-alloy 
structures arises from the local overheating of the aluminum- 
alloy parts, resulting from the use of hot rivets. The usual tem- 
perature for heating steel rivets is around 1800 F, which is of 
course above the melting point of aluminum alloys. Fortu- 
nately, the high thermal conductivity of aluminum alloys prevents 
the material surrounding a hot steel rivet from ever reaching this 
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excessive temperature. In some driving operations, however, 
especially where a large number of hot steel rivets are driven in 
rapid succession close to each other, the temperature of the 
aluminum-alloy parts around the rivets can easily be raised to a 
point where the resistance to corrosion of some of the aluminum 
alloys is decreased. These effects, coupled with the tendency for 
electrolytic attack resulting from having dissimilar metals in con- 
tact, produce a corrosion hazard that requires great care in initial 
painting and maintenance if corrosion difficulties are to be 
avoided. Tests have shown that the actual weakening effect of 
the heat on the static strength of the joint, however, is negligible 
so that if the corrosion difficulty is avoided, there is little to fear 


be slow-cool-annealed before use, to make them as soft as pos- 
sible, and that types of heads such as the cone-point head or 
small flat head be driven which do not require excessive pres- 
sures. A minimum edge distance of 2 times the rivet diameter 
is recommended to avoid ‘‘scalloping”’ of the edge of the work. 


RIvetTs AND RIVETING TECHNIQUES 


There are available at present a number of special types of 
rivets, often called “blind” rivets, which can be driven from one 
side of the work, thus permitting riveting in locations which 
are accessible from only one side. Some of these special rivets are 
of steel and some are of aluminum alloys, but both types have 


from the use of hot steel rivets as is evidenced by a number of 
successful applications. : 

Cold driving of steel rivets is free from many of the dangers of 
hot driving. The only hazards to avoid are excessive driving 
pressures which may distort the aluminum-alloy parts and the 
tendency for electrolytic corrosion which, uncomplicated by the 
effect of heat, is not so serious as in the case of hot steel rivets 
and can be avoided by reasonable protection and maintenance. 
In the use of cold steel rivets, it is recommended that the rivets 


been employed successfully in aluminum-alloy construction. 
Many of these rivets, in addition to their blind-driving advan- 
tages, also offer the advantage that they can be driven very 
rapidly with only one workman instead of two or three. Many 


TABLE 3 REDUCTION IN SHEAR STRENGTH OF ALUMINUM- 
ALLOY RIVETS, RESULTING FROM THEIR USE IN THIN PLATES 
AND SHAPES 


Ratio of rivet 
diameter to 
plate thickness,® 
D/t 


-—-Per cent loss in shear strength-—— 
Single shear Double shear 


TABLE 1 AVERAGE ULTIMATE SHEAR STRENGTHS FOR DRIVEN 1.5 ° ° 
1.6 0 1.3 
0 2.6 
‘ Driving Shear strength, 1.8 0 3.9 
Rivet procedure psi 1.9 0 5.2 
28 Cold, as-received 11000 2.0 0 6.5 
A178-T Cold, as-received 33000 2. 1 0 7.8 
17S-T Cold, as-received 39000 2.2 0 9.1 
178-T Cold, immediately 340006 2.3 0 10.4 
after quenching 2.4 0 11.7 
248-T Cold, immediately 42000> 2.5 0 13.0 
after quenching 2.6 0 14.3 
538-T61 Cold, as-received 23000 2.7 0 15.6 
930 to 950 F 330005 
38-W bc 2. 
53 ot, 960 to 1050 F 180005, 30 
o These values are for rivets driven with cone-point heads. Rivets 3.1 0.4 20.8 
driven with heads requiring more pressure may be expected to develop 3.2 0.8 22.1 
slightly higher strengths. 3. 1.2 23.4 
+» Immediately after driving, the shear strengths of these rivets are about 3.4 1.6 24.7 
75 per cent of the values shown. On standing at ordinary temperatures 3.5 2.0 26.0 
they age-harden to develop their full strengths, this action being completed 3.6 2.4 27.3 
in about 4 days for 17S-T and 24S8-T rivets and in about 2 weeks for 53S-W ge! He ap 
rivets. 
« This shear strength is for rivets driven at temperatures of 960 to 980 F. 3.9 3.6 31.2 
The shear strength increases about 1000 psi for each increase of 12 deg F 4.0 4.0 32.5 


in driving temperature. Thus, if the driving-temperature range is care- 
fully maintained at 1030 F to 1050 F, an average shear strength of 24,000 


Thickness of thinnest plate in single-shear joint. 
psi will be developed in the driven rivets. joi 


Thickness of middle plate in double-shear joint. 


TABLE 2 TYPICAL TENSILE AND BEARING PROPERTIES OF ALUMINUM-ALLOY PLATE 
AND SHAPES 
— Bearing properties 
Edge distance = 1.5 Edge distance = 2 
-—-Tensile properties-—. -——Rivet diameter—— -——Rivet diameter—— 
Yield¢ Ultimate Yield> Ultimate Yield® Ultimate 
strength, strength, strength, strength, strength, strength, 
Alloy psi psi psi . psi psi psi 

28-O 5000 13000 10000 21000 12000 27000 
28-'/.H 13000 15000 18000 23000 21000 29000 
28-!/2H 14000 17000 20000 25000 23000 31000 
28-3/4H 17000 20000 23000 28000 26000 34000 
28-H 21000 24000 27000 31000 32000 38000 
38-0 6000 16000 12000 25000 5000 34000 
38-'/4H 15000 18000 21000 27000 24000 36000 
38-'/2H 18000 21000 24000 30000 29000 38000 
38-3/4H 21000 25000 28000 34000 33000 2000 
38-H 25000 29000 32000 38000 38000 46000 
148-W 40000 62000 56000 93000 64000 118000 
148-T 60000 70000 84000 105000 96000 133000 
178-T 40000 62000 56000 93000 64000 118000 
248-T 46000 68000 64000 102000 74000 129000 
Alclad 245-T 43000 64000 60000 96000 69000 122000 
248-RT 57000 73000 80000 110000 91000 139000 
Alelad 248-RT 53000 67000 74000 100000 85000 127000 
528-0 14000 29000 25000 46000 30000 61000 
528-!/4H 26000 34000 37000 54000 42000 71000 
28-'/2H 29000 37000 41000 59000 47000 78000 
528-3/4H 34000 39000 47000 62000 54000 82000 
528-H 36000 41000 50000 66000 58000 86000 
538-W 20000 33000 28000 53000 32000 69000 
538-T 33000 39000 46000 62000 53000 82000 
61S-W 21000 35000 29000 56000 34000 73000 
61S-T 39000 45000 55000 72000 62000 94000 


@ Tensile yield strength is the tensile stress which produces pe set of 0.2 per cent of the initial 
age length (American Society for Testing Materials, Standard Methods of Tension Testing of Metallic 
Materials (FE 8-42)). 
‘ > Bearing yield strength is the bearing stress which produces a permanent set of 2 per cent of the rivet-hole 
diameter. 
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of these special rivets have been developed in recent years in 
connection with aircraft construction, and hence are available 
at present only in the smaller sizes, but the alert engineer will 
watch these developments with interest because their use will 
doubtless be extended in the future. 


Design OF RIVETED JOINTS 


The design of riveted joints in aluminum-alloy structures 
follows in general the pattern familiar to all engineers. The 
principal differences of course lie in the shear strengths of the 
rivets themselves and in the bearing strengths of the aluminum- 
alloy shapes and plates in which the rivets are driven. There- 
fore this section of the paper will consist primarily of the tabula- 
tion of these various strength values as shown in Tables 1 and 2. 

Numerous experiments have shown that when a rivet is used 
in conjunction with a relatively thin plate, the plate has a tend- 
ency to cut into the rivet and cause an apparent lowering of 
the shear strength of the rivet. The percentage reduction in the 
shear strength from this cause differs, depending upon whether 
the rivet is in single shear or in double shear. Table 3 shows the 
percentage reduction in shear strength of aluminum-alloy rivets 
resulting from their use in thin plates and shapes. These percent- 
age reductions are applicable to the average shear strengths 
shown in Table 1. 

Rivets in general, including aluminum-alloy rivets, are not 
well suited for transmission of direct tensile loads. This is espe- 
cially true where there is a prying action of the head of the rivet. 
For this reason, rivets are not ordinarily used in joints where the 
primary load is a direct tensile load on the rivets, bolted joints 
being much preferred for this type of service. 

Experience has indicated that structures subjected to repeated 
loads sometimes fail in fatigue at lower stresses than would be 
expected under steady load. Such fatigue failures are often 
associated in some way with the joints in the structure, be- 
cause the joints usually represent points of weaknes sboth from 
the standpoint of reduced section of the members and from the 
standpoint of stress concentration. In a riveted structure, a 
shear-fatigue failure of a rivet is very seldom encountered, be- 
cause there seems to be a much greater tendency for tensile- 
fatigue fracture of the shapes and plates starting at the rivet 
holes. These tensile-fatigue fractures result from the fact that 
the rivet holes, like other discontinuities that may be present in a 
structure, produce concentrations of stress which have little or 
no effect on the strength of the structure under steady load but 
which cause cracks to start under many repetitions of load. 

The design of a joint to resist fatigue action is complicated by 
the many factors involved, such as, the magnitude of the aver- 
age stress, the degree of stress concentration, the fatigue strength 
of the material, the relation of the steady stress to the variable 
stress, the number of repetitions of stress, and the type and ar- 
rangement of rivets. This problem has been under investiga- 
tion for a number of years at Aluminum Research Laboratories, 
and a few general observations based on this investigation may be 
helpful: 

1 An open hole generally reduces the fatigue strength of the 
structure more than one well filled with a rivet, and a rivet carry- 
ing stress generally has a greater effect than a stitch rivet. 

2 Hot-driven steel rivets reduce the fatigue strength of a 
structure more than cold-driven steel rivets or than hot- or cold- 
driven aluminum-alloy rivets. 

3 Lap joints reduce the fatigue strength of a structure more 
than butt joints with double straps. This greater effect seems 
to be associated with the greater flexing which occurs in the lap 
joint. Any stiffening of the lap joint to prevent undue flexing 
under repeated loads tends to improve the fatigue characteristics 
of the joint. 


JANUARY, 1945 


WELDING 


On the basis of the definition that welding is a localized con- 
solidation of metals, the aluminum alloys can be assembled by 
all of the commercial processes. All of the basic conceptions of 
welding, i.e., gas welding, are welding, resistance welding, and 
brazing, have been developed in the form of commercial proce- 
dures for welding these alloys. The technique is essentially 
similar to that used for other metals, but in so far as the metal- 
lurgy of welding aluminum is different the procedures must be 
adjusted accordingly. 

Special methods for welding heavy or thin sections and for 
mechanizing welding operations have not yet been completely 
worked out for these alloys. However, many new applications 
have been developed during the war, particularly in the resist- 
ance-welding and brazing fields, and much wider use of the weld- 
ing processes is anticipated after the war. A typical example is 
the fusion-welding of aluminum without using a flux at speeds 
and soundness equal to or greater than can be obtained with 
present-day commercial procedures. Permission to describe the 
technique fully cannot be obtained for the time being, although 
its feasibility has been demonstrated beyond question. 


Gas WELDING 


The oldest welding process for assembling aluminum alloys is 
gas welding in which regulated mixtures of oxygen and hydrogen 
or oxygen and acetylene are used as a source of welding heat. 
Extensive investigations have shown that there is little difference 
in strength, soundness, or other characteristics in welds made 
with either gas. Other welding gases, such as mixtures of oxygen 
and natural gas, air and natural gas, or oxygen and propane de- 
rivatives, have been investigated for gas-welding aluminum. For 
these, the results have shown good soundness and strength, but 
the speed of welding is less. 

- Gas welding is used for assembling parts in a thickness range 
from 0.025 in. up to about lin. Parts thinner than 0.025 in. can 
sometimes be welded, but the operation requires a delicate touch 
and a skilled technician to make good joints. On heavy metal, 1 
in. or over in thickness, the welding heat is conducted away from 
the joint so rapidly because of the high thermal conductivity of 
aluminum that it is difficult to establish uniform melting condi- 
tions and, consequently, the soundness of joints is not good. 

Another factor of importance when gas welding is choice of 
alloy. The choice of the best alloy for a specific application may 
be dictated by other considerations than weldability. The 
alloys to be mentioned have been established by general usage as 
the most weldable materials. These alloys include commercially 
pure aluminum, aluminum-manganese, aluminum-magnesium, 
and aluminum-magnesium-silicide-type alloys. As a class, alloys 
of these types have a narrow melting range which permits mak- 
ing welds with greater freedom from cracks when the work cools, 
more rigid jigging of the parts and better control of the welding 
operation to get maximum strength and soundness. The alumi- 
num-copper alloys, as a group, have poor weldability in that more 
troubles from cracking are experienced as the welds cool. The 
ductility in the transition zone of the weld and parent metal is 
also low. In addition, alloys of this group generally obtain their 
maximum strength from heat-treatment operations, and the 
effect of welding heat on the heat-treated structure is a lowering 
of strength, and in many cases the resistance to corrosion is ad- 
versely affected. These remarks apply specifically to gas- 
welded joints and are not so significant when considering arc 
welding or resistance welding. 

The preparation of joints for gas welding is similar to that used 
for other materials and is specifically illustrated in Figs. 7 and 8. 
Penetration of filler metal can be attained by the welder on mate- 
rial up to */,5 in. thick without preliminary preparation of the 
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Butt Joint—Light 
Gauge up to 0.057" 


Butt Joint (Notched) 
0.057" to 0.1875" 
Notches Made With Cold Chisel Approx. 44¢" Deep and 34." Apart 


Fic. Preraration or Butt Jotnts FoR Torch Wetps; THIN- 
GaGe MATERIAL 


Butt Joint (Single Vee) 90° to 120 


0.188" and up 


Butt Joint (Double Vee) 
Alternate to above for 
Gauges 0.438" and up 


ie tog 
Notches Made With Cold Chisel Approx. ',." Deep and 46" Apart 


Fie. 8 PREPARATION OF Butt JoInTs FoR TorcH WeLpDs; Tutck- 
MATERIAL 


joint, but on heavier metal it is necessary to prepare the joint by 
veeing. 

The design of jigs and fixtures which permit the parts to ex- 
pand or contract during and after the welding operation without 
putting a stress on the joints is particularly important when gas- 
welding aluminum parts, in view of the fact that practice has 
shown that expansion and contraction when welding aluminum 
is roughly twice that experienced when welding the ferrous met- 
als. This factor is particularly important when welding frame 
structures made from atuminum-magnesium- silicide alloys. It 
is often sufficient to place the jig clamps 6 in. or more away from 
the weld location. Another phase concerns the use of frequent 
tacks in assembling the parts. It is standard practice to tack- 
weld metal up to '/j. in. thick at intervals of 1 to 2 in. This 


combined with accurately aligning the abutting edges of butt 
joints will permit making welds in flat-sided vessels with little 
or no permanent distortion. 

On heavy metal, the spacing of the tack welds is usually in- 
creased to not over 9 to 12 in. It is desirable also in designing 
welded parts to place welds on a crowned surface or a radius 
ratherthan on a flatsurface in orderto obtain minimum distortion 
in the finished part. On metal more than 3/; in. thick, it is some- 
times desirable to weld in a vertical plane using two welders, one 
on either side of the joint. The speed of welding is increased by 
this procedure which is carried out by laying down a bead on one 
side of the section about 6 in. ahead of the operator welding on 
the other side. 

Welding equipment in the form of regulators, hose, torch, and 
goggles is similar to that used for other metals, and no further 
mention need be made here. The size of tip orifice is a function 
of metal thickness, and Table 4 is included as a guide. Practi- 
cally all aluminum gas welding is now done with a flux to break 
up the oxide coating on the metal surface. These fluxes are 
composed of mixtures of chlorides and fluorides which melt at the 
welding temperature and act to permit smooth coalescence of the 
molten parent metal with the filler metal. Fluxes are usually 
supplied in powder form and are mixed with water to make a 
thin paste. This is applied to the joint by brushing and to the 
filler wire by dipping into the paste. 

Residual flux deposits on the joints after welding will, in the 
presence of moisture, attack the base metal. Thorough cleaning 
therefore is important and is especially necessary on parts that 
are to be painted, as the presence of flux will contribute to loosen- 
ing the paint coatings over the welds. Several cleaning methods 
are used, depending on the size and shape of the parts to be 
welded. If both surfaces of the welds are accessible, the cleaning 
can be done with a fiber brush in boiling water. Large chemical 
tanks of a size beyond the capacity of available dip tanks are 
cleaned by scrubbing the joints with a brush and hot water and 
rinsing with a stream of fresh water. 

Parts such as airplane gasoline tanks, beer barrels, and other 
enclosed vessels usually have the joints located so that mechani- 
eal loosening of the flux deposit is not feasible. In these cases 
an acid dip is used, the part being immersed in dip tanks so that 
the acid contacts both the inside and the outside. Immersion 
in cold 10 per cent sulphuric acid for 30 min, or in 5 per cent sul- 
phuric acid held at 150 F for 5 to 10 min is frequently used for 
flux removal. Immersion in cold 10 to 50 per cent nitric acid for 
10 to 20 min is also used. In either case, the acid dip must be 
followed by rinsing in hot or cold clean fresh water. A corrosion 
inhibitor in the form of 5 per cent sodium or potassium dichro- 
mate is sometimes added to the rinse water and has a beneficial 
effect, particularly on gasoline tanks. Certain commercial 
cleaning preparations have also been found satisfactory for the 
removal of flux. 

It is sometimes desirable to remove the welding flux and ob- 
tain a uniform etched finish in the same operation. This can be 
done by immersing the part for 10 to 15 min, depending on the 


TABLE 4 APPROXIMATE SIZE OF TIPS AND RELATIVE GAS PRESSURES USED IN WELD- 
ING ALUMINUM OF VARIOUS THICKNESSES 


-Oxyhydrogen——- ——-——— Oxyacetylene 

Metal, Diamet r Diameter 

thickness of orifice Oxygen Hydrogen of orifi-e Oxygen Ac tylene 
B.&s. in tip, pressure, pressure, in tip, pressure, pressure, 
gage in, psi psi in. psi psi 
24-22 0.035 1 1 0.025 1 1 
20-18 0.045 1 1 0.035 1 
16-14 0.065 2 1 0.045 2 2 
12-10 0.075 2 1 0.055 3 3 
1/g-3/16 0.095 3 2 0.065 4 4 
V/4 0.105 4 2 0.075 5 5 
5/6 0.115 4 2 0.085 5 5 
a/y 0.125 5 3 0.095 6 6 
5/5 0.150 s 6 0.105 7 7 


: 
FI J Gauge 0.064" 
3 ange Joint—Gauges up to 0. 
No Preparation Notches ee 
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TABLE 5 DATA FOR GAS WELDING TANK STRUCTURES 


JANUARY, 1945 


Diameter Wire Wire per Flux per Rate of 
: ; of tip, diameter, 100 ft, 100 ft welding, 
Thickness, in. Gas used in, in. Ib Ib fph 
l/is Oxyhydrogen 0.055 0.125 6.0 2.0 12.0 
1/3 Oxyhdyrogen 0.075 0.146 12.5 3.0 10.0 
1/4 Oxyacetylene 0.075 0.184 20.0 5.5 8.0 
3/¢ Oxyacetylene 0.095 0.184 30.0 10.0 6.0 
1/> Oxyacetylene 0.095 0.250 35.0 15.0 3.5 
/ Oxyacetylene 0.105 0.312 40.0 18.0 3.5 


amount of etching that is desired, in a solution of 10 per cent 
nitric acid and 0.25 per cent hydrofluoric acid. (The bath tank 
and the cold-water tank should be constructed of wood, cypress 
preferred, calked with an asphalt-base calking compound, and 
painted inside and outside with 4 or 5 coats of short-oil phenolic 
resin varnish or acid-resistant material.) After draining the acid 
completely from the part, it should be immersed in cold water. 
This is followed by a hot-water rinse in which the time of immer- 
sion should not exceed 3 min, or staining of the etched surface 
may result. 

The equipment for removal of welding flux by dipping should 
be large enough to permit the part to be totally submerged. 
Rocking or changing the position of the part in the tank is de- 
sirable since it sets up small currents which aid in preventing gas 
pockets and in obtaining uniform action of the solutions. Where 
steam is used-for heating, it should be applied through closed 
heating coils. When racks are required, contamination of the 
acid bath can be prevented if they are of aluminum; wood or- 
dinarily is not suitable as it soaks up a considerable amount of 
the acid, contaminating the rinse water used in subsequent opera- 
tions. Periodic checking of acid is required to determine con- 
centration changes resulting from building up of flux content. 

The proper choice of filler wire is based upon the alloy being 
welded. Commercially pure aluminum and aluminum-manga- 
nese alloys are usually welded with commercially pure aluminum 
wire or with narrow strips of material cut from the parent mate- 
rial. Magnesium or magnesium-silicide type aluminum alloys 
are also welded with commercially pure wire, or with a 5 per cent 
silicon-aluminum-alloy wire which has found a wide range of 
application. The advantage of the latter composition for weld- 
ing these alloys is that the addition of silicon lowers the freezing 
temperature and broadens the solidification-temperature range. 
This prevents setting up of stresses from contraction resulting 
from solidification and cooling of the weld metal. Consequently, 
less cracking occurs in the critical-temperature range just below 
the freezing point as the weld cools. The corrosion resistance of 
welds made with this alloy has been found to be adequate for 
practically all parts that are subjected to atmospheric exposure. 
The corrosion resistance to specific chemicals is sometimes less in 
welds made with this alloy than in the parent material and cases 
of this kind should be investigated before welding to determine 
past experience with the chemical or by making tests. 

Automatic equipment, using the gas torch as a source of weld- 
ing heat, has been developed and used on a production basis. 
The procedure involves clamping the parts over a grooved graph- 
ite back-up strip. Pneumatic- or hydraulic-operating jaws are 
provided to hold the parts in intimate contact with the back-up 
strip. A jaw spacing of 1'/, in. to 15/s in. has been found suitable 
for metal from 0.040 up to !/; in. thick. Heavier material has 
not been welded with the gas torch, and experience would indi- 
cate that the automatic are is superior to the torch for heavy 
metal. 

Welding heat is supplied from a multiple-orifice tip with six to 
eight flames arranged to preheat and melt the abutting edges. 
Expansion of the aluminum in the welding operation is sufficient 
to provide a slight upset at the weld, and no filler metal need be 
added. Welds of this type are dressed by hammering after 
welding. The welding torch is usually mounted on a standard 


Fig. 9 Guactat-Acetic-Acip STORAGE TANKS 


Fabricated and field-erected for 


(3-15 ft diam X 30 ft high; 38 alloy. 
’, Weight each tank, 18,400 Ib.) 


Niacet Chemical Co., Buffalo, N. Y. 


automatic cutting machine and speeds vary from 16 to 32 ipm, 
depending on the thickness of the metal and the adjustment of 
gas to the welding tip. 

The strength of gas welds in aluminum alloys is a function of 
the alloy and temper of the metal being welded. The nonheat- 
treatable alloys are fabricated in various tempers, depending on 
the amount of cold work applied in fabricating the material or 
forming the part. Reerystallization or annealing occurs in these 
materials at temperatures in the neighborhood of 600 to 700 F, 
which results in lower tensile and yield strength and higher duc- 
tility. As all gas-welding operations involve a zone near the 
weld in which the temperature has exceeded the annealing range 
it follows that the strength across butt welds in these alloys is the 
strength of the annealed material. For example, in commercially 
pure aluminum, the tensile strength across a butt weld can be 
counted on to exceed a minimum of 11,000 psi and, in aluminum- 
manganese alloys, a minimum of 14,000 psi on the standard re- 
duced-section tensile test, established by the American Welding 
Society. 

The aluminum-magnesium-silicide type alloys obtain maxi- 
mum strength by a heat-treatment operation in which the metal 
is raised in temperature until the constituents are placed in solu- 
tion and quenched to retain them. The application of welding 


heat to these alloys affects the heat-treated structure. Without 
exception, the strength is lower. Gas-welded butt joints in the 
aluminum-magnesium-silicon-chromium alloys will have a 


strength in excess of 22,000 psi. Reheat-treatment of the part 
after the welding operation can be done and the strength raised 
to over 35,000 psi. 

Specific information on temperature, quenching time, and ag- 
ing practices will be supplied on request, and further space will 
not be devoted to this subject here. 

Gas welding is frequently used for assembling tanks. Struc- 
tures of this type, up to 30 ft diam X 30 ft high, have been erected 
in the field and are illustrated in Fig. 9. The approximate cost 
of welding operations, and the welding supplies required for such 
structures can be estimated by reference to Table 5. These data 
are compiled as a function of the thickness of the material welded 
and represent shop conditions rather than closely controlled 
laboratory conditions. 

As rates for welders differ in various localities, the data are 
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TABLE 6 ELECTRODE SIZE AND MACHINE pias IR METAL- AND CARBON-ARC 


i F¢ 
WELDING OF ALUMINUM 


Metal Electrode Approximate Number of passes Electrode consump- 
thickness, diameter, current, Lap and ton, Ib per 100 ft Electrodes 
in. in. amperes Butt fillet Butt Lap Fillet per lb 
0.081 i/s 60 1 1 4.7 5.3 6.3 32 
0.101 1/5 70 1 1 5.0 5.7 6.3 32 
0.125 i/s 80 1 1 5.7 6.25 6.3 32 
0.156 1/3 100 1 1 6.3 6.5 6.5 32 
0.187 5/32 125 1 1 8.7 9.0 9.0 23 
0.250 3/16 160 1 1 12.0 12.0 12.0 17 
0.375 3/16 for laps and fil- 200 2 3 25.0 29.0 35.0 17 
lets '/4 for butts 
0.500 -  #/i6 for laps and fil- 300 3 3 35.0 35.0 35.0 17 


lets '/4 for butts 


shown in the form of feet per hour rather than the cost per foot. 
The rate of welding of course depends on the experience of the 
individual welder, and the data listed are based on what an aver- 
age man, who has had previous experience in welding aluminum, 
should attain. The rate given covers only actual welding opera- 
tions and does not include the time necessary for jig assembly, 
setting up the work, or the preliminary edge preparation, such as 
veeing or notching. These operations vary considerably, de- 
pending on the particular job and must be considered separately. 

Discussion of the qualification procedure and specifications for 
welding will be taken up after a description of the are-welding 
processes on aluminum. 


Arc WELDING 


The aluminum alloys are welded with several are-welding pro- 
cedures, namely, the metal are, carbon arc, carbon torch, tung- 
sten are, atomic hydrogen, automatic, and semiautomatic car- 
bon are. Of these, the process of greatest commercial impor- 
tance is the metal are. 

All of the are-welding processes have the advantage that a 
comparatively large amount of energy can be concentrated in the 
weld zone. This is relatively of more importance in the case of 
the aluminum alloys than in the case of the ferrous metals be- 
cause the effects of the welding heat can be confined to a narrow 
area. For example, the amount of distortion that occurs during 
and after a welding operation is much less than when gas welding 
is used, because the total expansion is confined to the narrower 
heated zone. Metallurgical changes in the parent-metal strue- 
ture are also confined in extent when are welding. The rate of 
welding is increased and less edge preparation is required. All 
of these factors are important from the standpoint of reducing 
cost, and it seems apparent that wider use of the arc-welding 
methods can be expected. 

Metal-Are Welding. Metal-are welding of aluminum alloys is 
done with the same equipment and general technique that are 
commonly used in the welding industry. Standard direct- 
current motor generator sets are suitable for welding these alloys. 
Alternating-current welding equipment of the type that super- 
imposes a high-frequency current on the welding circuit also 
makes good welds. The standard alternating-current welding 
sets, however, do not maintain a steady are when welding alu- 
minum and are not suitable for such work. 

The capacity of the equipment and the electrode size are de- 
termined by the thickness of the material being welded. Table 6 
contains suggested sizes of electrodes and current required for 
welding. The proper polarity is determined by trial on the parts 
to be welded. 

Metal-are welding is used for butt welding metal from 0.081 in. 
thick and thicker. No upper limit on thickness exists, and 
sound welds have been made in plate 2 in. thick. Fillet or lap 
welds can be made on 5/9-in.-thick and thicker metal. It is 
difficult to control the operation to prevent melting through the 
underlying part on metal that is thinner. 

An additional factor of importance in this connection is the 


soundness of metal-are welds. Because of the high thermal con- 
ductivity of aluminum, the welded metal freezes very rapidly. 
When welding thin material, gas may be entrapped in the joints. 
Improved soundness can be attained by preheating the parts at 
temperatures from 400 to 600 F. Such preheating is always 
necessary to make liquid- or gas-tight joints in metal up to !/, in. 
thick. 

All metal-are welding is done with heavily coated electrodes. 
The coating consists of fluxing ingredients that break down the 
oxide coating on the metal and stabilize the are. Most of the 
coating materials are hygroscopic and exposure of the electrodes 
to atmospheric moisture results in excessive spatter during weld- 
ing and a porous weld structure. This condition can be pre- 
vented and moist electrodes reclaimed by baking them for sev- 
eral hours at 250 to 300 F. 

Electrodes contain a core wire of either commercially pure 
aluminum or 5 per cent silicon-aluminum alloy. Specifications 
and electrode requirements and tests are shown in AWS-ASTM 
Tentative Specification No. B184-43T. These electrodes are 
suitable for all structural and general welding. 

Edge preparation is simple for are welding. Butt welds in 
metal up to '/, in. thick need no special preparation. Heavier 
material is prepared with a 60 to 90-deg vee to within '/, in. of 
the bottom of the section. Metal up to '/2 in. thick can be butt- 
welded without edge preparation if the welds can be made from 
both sides of the section. 

Butt welds in the aluminum alloys are made by controlling the 
penetration bead with a copper or steel back-up strip that is 
grooved under the joint. A smoother penetration bead is ob- 
tained if the back-up strip is thinly coated with flux. 

Arc-welding fluxes are similar to gas-welding fluxes in that 
complete removal of the slag must be accomplished after welding. 
The procedure is the same as that described for gas welds, except 
that a preliminary chipping or wire-brushing operation is usually 
applied after welding to remove the brittle crust of slag on the 
welds. 

Carbon-Arc Welding. The carbon-are process is widely used 
for welding aluminum-alloy parts and is superior to the metal 
arc for many applications. The procedure is carried out manu- 
ally or automatically. In the manual operations, it is possible 
to make butt welds in thinner material than with the metal arc, 
and the commercial range of application is for metal from 0.040 
to 3/s; in. thick. Suggested values of welding current and elec- 
trode size are shown in Table 6. Sound welds can be made in 
this thickness range without preheating the parts, although pre- 
heating will speed up the welding operation. 

The filler rod is fed in separately for carbon-are welding. 
Flux is applied to the filler metal by dipping the rod in a mixture 
of flux and water and drying the coating thoroughly before weld- 
ing. Metal arc-welding electrodes are frequently used for this P 
purpose. It is more economical, however, to apply a thinner 
coating of filler metal which works just as well from the welding 
standpoint and results in more feet of weld per pound of rod than 
is the case when using metal arc-welding electrodes. 
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TABLE7 DATA FOR AUTOMATIC rene eae OF ALUMINUM ALLOYS (BUTT 


Wire 
Current, Are size, 
Thickness, in. amperes voltage in, 
0.188 310 35 5/s: 
0.250 360 36 5/32 
0.312 380 38 1/4 
0.375 390 38 1/4 
500 410 39 


The carbon arc has also been adapted to automatic welding, 
particularly for large-type structures such as tank cars. Equip- 
ment has been developed for metal from */1. up to */, in. thick. 
The advantages of automatic welding are increased welding 
speed and substantially less distortion in the parts. 

Control of the arc is accomplished by using a superimposed 
alternating-current field around the carbon electrode. The 
parts to be welded are clamped in a jig over a copper or steel 
back-up strip and flux is applied in powder form with a mechani- 
cally driven flux feeder. Filler wire is fed mechanically into the 
joint. Machine-setup variables depend upon the thickness of 
the metal. Table 7 shows suggested machine settings for various 
thicknesses. 

The carbon arc is also used in a semiautomatic welding proce- 
dure. The technique and equipment are similar to that used for 
manual welding, but the carbon is mounted on a bracket that 
travels on one or two small wheels along the joint. This carrying 
device may be actuated manually or may be motor-driven. The 
speed is adjusted by the melting rate and the metal thickness, 
and the wire is fed in manually or the edges are flanged to provide 
filler material. On edge welds particularly, this procedure re- 
sults in a very smooth sound contour and increased welding 
speed. Flux is usually applied by painting a water mixture on 
the parts before welding. 

Atomic-Hydrogen Welding. The atomic-hydrogen welding 
process has been adapted to welding aluminum alloys, particu- 
larly for sheet parts, in a thickness range from 0.064 to */s in., 
and its commercial use so far has been limited to manual opera- 
tion of the torch. Experimental welding with automatic equip- 
ment has also been accomplished with excellent results from the 
standpoint of soundness and strength. 

In this process, an arc is drawn between two tungsten elec- 
trodes in a hydrogen atmosphere. For manual welding, control 
of the melting rate can be accomplished by moving the torch 
away from or toward the work, and, consequently, the process 
has some advantage over the metal or carbon are from this 
standpoint. Filler rod is applied manually and in much the same 
manner as when gas-welding. The same fluxes used for gas weld- 
ing are used with the atomic-hydrogen torch, and the flux is 
usually applied by dipping the rod in a water mixture of the flux. 
Suggested machine settings for various thicknesses of material 
are shown in Table 8. 


TABLE 8 APPROXIMATE MACHINE SETTINGS FOR ATOMIC- 
HYDROGEN WELDING? 


Hydrogen Filler 


Thickness, Current, pressure, wire diameter, 

in. amperes psi in. 
0.064 10 7 1/5 
0.081 15 7 5/22 
0.101 21 8 5/2 
0.125 27 
0.187 33 11 3/16 
0.250 39 14 3/16 
0.375 45 14 1/4 


@ Electrodes of !/1s-in.-diam used. 


Tungsten-Arc Welding. A great deal of experimental work and 
some commerical applications have been made in arc-welding 
aluminum by an are drawn between the work and a tungsten 
electrode in an atmosphere of helium or argon. Sufficient experi- 


re per x pe 
Wire 100 ft 100 ft Welding 
8 weld, weld, 8 
ipm b lb ipm 
16.8 2.5 17 16.0 
20.3 3.7 21 14.0 
9.6 4.8 26 12.3 
10.2 5.0 28 12.0 
9.3 7.8 51 


ence with this process has not yet been obtained to permit mak- 
ing specific recommendations on equipment and machine settings. 
The indications are that the procedure can be used for welding 
thinner metal than has been possible with other arc-welding pro- 
cedures. Welding flux is applied to the filler wire, and the filler 
metal is handled in much the same manner as when gas welding 
or carbon-are welding. 


QUALIFICATION OF WELDING OprrAToRS, ProcepurE SpEciFi- 
CATIONS, AND CopESs 


Arc- and gas-welding operations on the aluminum alloys require 
operator training to make joints that will meet production stand- 
ards for sound and strong welds. Experience has indicated that 
there is little difference in training individuals whether they have 
had previous experience in welding other metals or not. An 
adept individual will acquire sufficient skill to pass the qualifica- 
tion test with about 40 hr on various types of welds. Another 
30 to 40 hr training is given certain operators who cannot acquire 
a skill as quickly. Unless the qualification test can be passed in 
80 hr of training, it is usually best not to attempt to use an indi- 
vidual for welding operations. Both men and women operators 
have been trained with little difference in results from the stand- 
point of quality of welds. 

Most welding operators are qualified by the procedure laid out 
in Section 9 of the A.S.M.E. Unfired Pressure Vessel Code, the 
Bureau of Ships’ Specification E-1 and E-2, Appendix 7—Weld- 
ing, or the Army-Navy Aeronautical Specification AN-T-38, de- 
pending on the type of work to be done. Further details on train- 
ing methods to qualify operators to meet these specifications are 
available from many sources and wil] not be repeated here. 

The welding of tank structures under the A.S.M.E. Unfired 
Pressure Vessel Code is handled in accordance with the special 
provisions listed in Case 994. This code specifically covers 
vessels made from aluminum manganese plate, and there are no 
code provisions for vessels made from other alloys. 


RESISTANCE WELDING 


The aluminum alloys are electric-resistance-welded by spot or 
seam welding, depending on the requirements and design of the 
parts. The aluminum materials have high thermal and electrical 
conductivity and are covered with an oxide coating; all of these 
factors affect the welding characteristics, and consistent and 
strong welds can be made only if equipment designed to take 
these factors into account is provided. It follows that the weld- 
ing equipment used on the ferrous materials is not usually suita- 
ble. On the other hand, equipment design for aluminum can 
be used on practically all other weldable metals with good results. 

Spot welding is the most widely applied resistance-welding 
process. Many aircraft applications of spot welding are being 
made during the war as it has been found that joints can be made 
with a lower labor expenditure by spot-welding than by riveting. 
War effort has accelerated the development of equipment and 
procedure so that spot welds are now used in both structural and 
nonstructural aircraft applications for cowling, wing skin, attach- 
ing stiffeners to fuselage wing, or control surfaces, and many other 
parts. 

This experience points to wider use of this joining method for 
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the assembly of automobile parts, railroad, bus, and truck struc- 
tures, refrigerator parts, furniture, cooking utensils, in fact, al- 
most any field where the aluminum alloy will be used. Equip- 
ment has been developed to weld material on a production basis 
in a thickness range from 0.010 up to °/s in. thick. Experimen- 
tal programs are under way to design equipment and develop 
procedures to permit spot welding two sections having thick- 
nesses up to */j. in., which is the maximum thickness for which 
spot welding is generally used. 

Three general types of electrical circuits have been developed 
for commercial spot welding, namely, alternating current, mag- 
netic energy, or condenser-energy storage. The superiority of 


Pressure 


Current 


Time 


Time ———= 


Standard a.c. 


Pressure 


Current 


Energy storage—electromagnetic 
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Energy storage—electrostatic 


Fie. 10 ComparaTIVE PressuRE AND CURRENT CYCLES For AI- 
TERNATING-CURRENT, ENERGY-STORAGE, RESISTANCE-WELDING 
Systems 


any of the three types has not been established in industrial 
practice. Each of the three has specific advantages which makes 
it quite likely that all three types will continue to develop. The 
current pressure and time cycles of these types of equipment are 
shown schematically in Fig. 10. 

Alternating-current equipment is lowest in first cost and has 
been widely used for nonstructural applications, such as cooking 
utensils, refrigerator parts, etc. The welding circuit consists of 
a transformer that wil) deliver relatively high currents, depending 
on what is required for a specific metal thickness. Current dwell 
or weld time is controlled by electronic devices that deliver from 
1/, to 25 cycles of 60-cycle current as may be required. Some 
welding is also done with current timing controlled by either 
mechanically or electronically operated contactors. Weld- 
strength consistency is not good with the latter type of equip- 
ment, however, since such contactors are difficult to maintain 


TABLE 9 MACHINE SETTINGS FOR A-C SPOT-WELDING ALUMI- 
NUM ALLOYS 


——Gag 
B.&s8. Time, Current, -——Tip pressure, lb——. 
No. Inch cycles amperes Minimum Maximum 


Scuematic DiaGRAM OF ALTERNATING-CURRENT ROCKER- 
ArM Spot-WELDING MACHINE 

(View shows pressure mechanism and electronic tubes for current timing in 

primary circuit; transformer secondary delivers high-amperage, low-voltage 

alternating current for welding.) 


Fig. 11 


in adjustment so as to operate synchronously to initiate or turn 
off the current at the zero point on the alternating-current wave. 

It is important to control not only the current time and mag- 
nitude but also the welding pressure when spot-welding aluminum. 
The reason for this is that the resistance at the interface is a func- 
tion of the pressure. In order that a controlled amount of melt- 
ing occurs to make the weld, the pressure must remain constant 
for successive welds. The pressure mechanism is usually pneu- 
matic or hydraulic, although in some cases a mechanical pressure 
device actuated by springs can be used. A typical alternating- 
current spot-welding machine is illustrated schematically in Fig. 
11. Typical machine setups for alternating-current welding are 
shown in Table 9. 

Other machine characteristics, such as throat depth, height, 
and distance between welding arms, are controlled by the di- 
mensions and shape of the parts to be welded. Two general 
types of machines are in use, the press type or rocker-arm type; 
and choice of the machine type is governed by the work to be 
done. 

The current demand for spot-welding aluminum alloys with 
alternating-current equipment is relatively high. Where a num- 
ber of machines are required for production, the installation of 
motor generator sets for voltage control is necessary. Also, the 
relatively long current time necessary to obtain sufficient heat to 
make a weld on the thicker materials causes a surface indentation 
at the welding tips that is sometimes objectionable. For the 
same reason, alloying of the aluminum and the welding tip occurs 
after a few welds, and the tips must be cleaned before proceeding. 
These conditions are improved with energy-storage-type equip- 
ment which has found wide use, particularly for assembling air- 
craft parts. 

Magnetic-Energy-Storage Welding. The current required for 


26 «0.016 4 14000 200 400 
24 0.020 6 16000 300 500 ye ss 
22 0.025 6 17000 300 500 Po dee 
20 0.032 8 18000 400 600 eRe 
18 0.040 8 20000 400 600 eet Bae 
16 0.051 10 22000 500 700 
14 0.064 10 24000 500 700 
12 0.081 12 28000 600 800 
10 0.102 12 32000 800 1000 SEE 
8 0.128 15 35000 800 1200 Cid Ses 
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welding specific thicknesses has been reduced very substantially 
by storing the energy in a transformer at a low demand rate and 
discharging it to make the weid. This is accomplished by rectify- 
ing three-phase 440 or 220-volt alternating current to direct cur- 
rent and delivering it to the primary of an inductor transformer 
in the machine at a rate of about 100 to400amp. By interrupting 
the primary current with a magnetic control, a high secondary 
current of short duration is established through the electrodes to 


Fig. 12 Scaematic Diacram or MaGNeTIc-ENERGY Spot-WELpD- 
ING MACHINE 


(Energy is stored in transformer primary and welding current is formed in 
secondary when primary circuit is opened.) 


Fic. 13° Scuematic DiaGRAM SHOWING OPERATION OF ELECTRO- 
STATIC Spot-WELDING MACHINE 


(Current is stored in condensers and discharged to welder primary; welding 
current of high amperage in secondary makes weld. Pressure mechanism 
ean be adjusted for either single or double pressure during weld cycle.) 


make the welds. Such equipment is shown schematically in Fig. 
12. 

Equipment of this type is easily adapted to different types of 
production work and has found wide use for aircraft spot welding. 
Welding speeds up to 100 spots per min can be obtained, and the 
structural properties and surface condition of spot welds made in 
this way are excellent. 

Condenser-Energy-Storage Welding. Another scheme for re- 
ducing power demand that has found wide use consists of storing 
electrical energy in static condensers during the period between 
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welds at a rate much lower than would be required if the welding 
machine were connected directly to the line. With such equip- 
ment, the three-phase power supply is stepped up and rectified 
to direct current, and it is possible to control the voltage so that 
varying amounts of energy can be delivered to the welding tips. 
The energy is stored in a bank of condensers which is discharged 
to the primary of the welding machine causing a rapid rise of cur- 
rent in the secondary which makes the weld. A typical applica- 
tion of the condenser-energy-storage type is shown in Fig. 13. 

Welds made by such equipment show excellent soundness, 
strength, and surface finish. Like the magnetic-energy-storage 
machines, this type of equipment has a power demand about !/10 
of that required for alternating-current welding, and conse- 
quently installation of the machines can be made without inter- 
ference with the electrical system in the shop. 

Three types of pressure systems are used on spot-welding ma- 
chines. Someequipment isarranged to apply high pressure to bring 
the parts in intimate contact. This is followed by a lower pressure 
at the time the welding current is impressed on the circuit and 
then by a high pressure to forge the weld metal. Another type 
eliminates the preliminary high pressure at the start but increases 
the pressure immediately after the current is applied in order to 
forge the weld. Still another system used on practically all 
alternating-current welding equipment uses a constant pressure 
throughout the welding cycle. Some improvement in soundness 
of the weld structure has been demonstrated for the variable- 
pressure cycles, particularly on material 0.064 in. and thicker. 
Choice of pressure cycle depends on the class of work being done. 
For example, where high quality is imperative, such as the as- 
sembly of structural aircraft parts, the additional cost and com- 
plication of the variable-pressure cycle is required. For thin 
material and where cost is a primary consideration, the use of a 
constant-pressure cycle seems to be adequate for most work. 

For making long lines of equally spaced welds for joints where 
gas or liquid tightness is required, resistance-welding machines 
based on the principles already discussed are used in a manner 
called roll-spot or seam welding. The spot-welding electrodes are 
replaced with a pair of driven-roller electrodes, and the electrical 
circuits adjusted to make successive impressions of welding cur- 
rent. By suitable timing of current and wheel speed, either over- 
lapping or intermittent weld spacing is obtained. Welding speed 
for many duplicate parts is substantially lower for this method of 
welding. 

The economical operation of spot- or seam-welding machines to 
make sound and consistent welds is a function of three factors 
which are not so important when welding other metals. These 
are electrode shape, electrode cooling, and preparation of mate- 
rial to be welded. 


TABLE 10 SPOT-WELD ELECTRODES—TIP RADIUS 


Annealed Intermediate temper 
of non-heat-treated 
Thickness,in. as extruded alloys Heat-treated 
Up to 0.020 2 2 1 
0.021—-0.032 3 3 2 
0.033-0 .064 4 3 3 
0.065—0 .094 4 4 4 
0.095-0. 125 4 4 


~ Nore: If a minimum of indentation on one surface is required, one tip is 
made to the radius given and the other is flat. On thickness 0.064 in. and 
above, use a 10 in. radius instead of flat. 


Proper current and pressure distribution in a weld depend on 
the shape of the electrode face in contact with the work. A 
spherical shape has been found suitable for practically all work 
and is used almost universally. The radius of the sphere de- 
pends on the thickness of the metal. Table 10 shows values for 
both electrode tips and rolls that are used for a wide range of 
production work. Good maintenance of the electrode shape is 
possible by using a hard copper-alloy material, with a conduc- 
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tivity higher than 80 per cent, for tip material and by machining 
the proper radius on the tips. Dressing of electrodes in the course 
of production welding is done with fine abrasive cloth, usually 
No. 240, over a back-up piece machined to the proper radius. 
This is.rotated between the tips under pressure. 

Tip cooling is accomplished by delivering cooling water inside 
the hollow tip or roll to within */\. in. of the tip. At least 2 gpm 
should be delivered to the tip. Tap water below 50 F is adequate 
for most work, but, in many localities having relatively warm 
water, refrigeration is required in order to obtain adequate cool- 
ing. 

The preparation of the material is accomplished in several 
ways, depending on the alloy. All of the methods are devised to 
remove the oxide coating from the surface of the metal in order to 
provide uniform and low surface resistance. Experience has 
shown that any cleaning method which results in a surface re- 
sistance below 150 microhms will give good results. 

On the non-heat-treatable alloys cleaning is accomplished by 
a manual rub with steel wool or by wire-brushing with a fine wire 
brush. Other alloys, particularly those with a heavy oxide coat- 
ing, from fabricating or forming operations, are given an etch in 
a caustic solution, followed by a nitric-acid dip. Alclad sheet, 
widely used for aircraft structures, has a pure-aluminum surface 
and can be cleaned in a milder etch. A dilute nitric-hydro- 
fluoric-acid etch is frequently used for this purpose as are many 
proprietary compounds, developed specifically for preparing 
metal for spot welding. Grease, oil, or dirt is always removed 
by solvent or degreaser cleaning before the parts are given the 
final mechanical or chemical treatment. 


BRAZING 


Brazing differs from welding in that special fluxes and filler 
material having a lower melting point than that of the parent 
material are used for making the joint without melting the parent 
parts. The availability of these low-melting-point filler mate- 
rials plus the development of special fluxes which permit the filler 
material to completely wet the surfaces in the joint are the essen- 
tials that make aluminum brazing possible. The cost of brazing 
is generally less than the cost of either gas or are welding, and 
brazed joints are neater and require less finishing. Furthermore, 
parts too thin to be welded may be satisfactorily brazed. 

Brazed joints are classed by the methods used in applying the 
brazing heat. These are furnace brazing, torch brazing, and dip 
brazing. 

Furnace brazing is done by applying a flux, assembling the 
parts, and raising the temperature of the entire assembly or 
batch of assemblies in a furnace to a point that will cause the 
filler material to melt and flow into the joint, but without melt- 
ing the parent parts. 

Torch brazing is done by dipping the filler material in a flux 
and melting this material into the joint with a torch. 

Dip brazing is done by assembling the parts and dipping the 
entire assembly into a bath of molten flux held at a temperature 
somewhat above the melting point of the filler material but below 
the melting point of the parent material. This method offers 
interesting production economies, except for closed containers 
such as floats or tanks in which good drainage of the flux cannot 
be obtained. 


DESIGN AND STRENGTH 


Lap joints rather than butt or scarf joints are generally used 
with brazing. However, in making any kind of a joint, clear- 
ance between the parts is necessary for the flow of the filler mate- 
rial. This flow depends on gravity and capillary forces; so 
pressed or tight fits in assembling the parts must be avoided. 
Clearances of 0.006 to 0.010 in. are suitable for laps less than !/, 


in. long; clearances up to 0.025 in. are used for longer laps. The 
correct clearance for any given joints is best determined by trial. 

The design should permit easy assembly of the parts prior to 
brazing, and closed assemblies should be designed to provide for 
the egress of gases during the brazing process. The use of jigs 
and fixtures for holding the parts in alignment, particularly if of 
steel or stainless steel, is not usually feasible. The difference in 
thermal expansion between steel and aluminum in most cases 
will force the parts out of line. Aluminum fixtures for this use 
are satisfactory only if made from an alloy that will not melt at. 
the brazing temperatures and so shaped that there is no contact 
between the fixture and the molten brazing flux and filler metal. 


Fig. 15 Cross Section or BrazED JOINT 


In most applications, it has been desirable to design the parts to 
be self-jigging or held in alignment by rivets or projections that 
remain on the part after brazing. 

Commercially pure aluminum and aluminum-manganese alloy 
are the only wrought non-heat-treatable alloys for which commer- 
cial brazing processes have been developed. Since brazing re- 
quires heating these alloys above their annealing temperature, 
designs involving the use of the non-heat-treatable alloys must be 
based on the strength of the annealed or soft temper of the mate- 
rial. The heat-treatable aluminum-magnesium-silicide alloys. 
are used for brazed parts where higher strength is required. 
Parts can sometimes be quenched directly after the brazing 
operation, or the heat-treatment can be performed in a sepa- 
rate operation. 

The strength of torch-brazed parts is approximately the same 
as gas-welded assemblies. The heat being applied locally anneals 
the metal in the neighborhood of the joint, and the amount of 
annealing is in proportion to the amount of brazing. Therefore, 
the strength of torch-brazed parts should be determined by test. 

Filler material is provided in the form of wire, washers, clips, 
bands, ete., which are placed right at the joint to be formed. It. 
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is held in place mechanically in or around the joint, or may be 
placed in slots or reservoirs. The volume of the filler material 
should be sufficient to form generous fillets. 

A special material, known as “brazing sheet,’ is available. 
When this is used, no separate filler material is required to com- 
plete the brazed joint. This is a duplex sheet consisting of a core 
with a coating of filler material. A description and uses of this 
product will be given in more detail later. 

Fig. 14 illustrates a number of brazed joints and shows the 
appearance of the assembly, before and after brazing. A cross 
section of a typical brazed joint is shown in Fig. 15. 


RESISTANCE TO CORROSION 


There is not yet sufficient experience to establish definitely the 
resistance of brazed aluminum joints to corrosive attack. How- 
ever, there has been enough testing in salt spray, atmospheric, 
and other kinds of exposure to indicate that the resistance to cor- 
rosion of brazed joints is comparable to that of welded joints in 
the same alloy. If the exposure conditions are such that the 
parent material would need protective paint coatings, the 
brazed joints in the assembly should be given the same treatment. 
If the aluminum parts need no protection, it is quite likely that 
the brazed joint also will perform satisfactorily without it. 


PREPARING MATERIALS FOR BRAZING 


The parts to be brazed and the filler material must be thor- 
oughly cleaned and free from dirt and oil to obtain satisfactory 
results. 

The removal of foreign material is usually sufficient cleaning 
for torch-brazed joints. When furnace or dip brazing, however, 
parts should usually be prepared for brazing by an etching-type 
cleaner. This is particularly required when brazing a casting, 
whether the surface has been machined or not. 

When cleaning is done by an etching method, this may be per- 
formed by immersing the parts for 20 to 60 sec in a 5 per cent so- 
dium-hydroxide solution held at 150 F. The time is varied to 
suit the condition of the surface. This is followed by a water 
rinse and a dip in nitric acid of 10 per cent or higher concentration. 
This is followed by another water rinse, usually in hot water, to 
accelerate drying. The etching procedure removes metal; con- 
sequently, dimensional allowances must be made on threaded or 
machined parts. 

The filler material should be cleaned after the wire or washer 
has been formed or punched to the shape in which it will be ap- 
plied on the assembly. It is generally advisable to use the etch- 


ing method just described. 
Many of the proprietary alkaline and solvent cleaning mate- 
It is 


ials are suitable for precleaning the parts to be brazed. 
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important to provide a thorough rinsing operation for the last 
cleaning dip, as the presence of even small quantities of residual 
cleaners in the joints interferes with the fluxing action. 


FuRNACE BRAZING 


Furnace-brazing technique varies in detail for different alu- 
minum alloys, although the same principles and equipment are 
used for all. Designs for joints to be furnace-brazed include 
parts having a thickness up to '/; in. and down to 0.006 in. 
Furthermore, it is best not to design furnace-brazed joints having 
a wide range of thicknesses, because of the varying rate of tem- 
perature rise that would occur during the brazing operation in 
the furnace. 

Brazing Flux. Three types of brazing flux have been found 
suitable to cover the commercial range of furnace-brazing opera- 
tions. These include a low-melting-point flux of maximum flux- 
ing activity at temperatures below 1100 F, which is used par- 
ticularly for brazing the heat-treatable aluminum-magnesium- 
silicide alloys. Another lower-price flux for the alloys that can 
be brazed at temperatures from 1100 to 1185 F is widely used as a 
general-purpose material for metal heavier than 0.02 in. thick. 
A third flux with less activity is used for brazing parts with thin 
sections, in the range from 0,005 to 0.020 in. thick. 

The flux is packed as a dry powder and is usually mixed with 
distilled water in the proportion of three parts of flux to one of 
water to form a thick paste for application by brushing or to a 
thinner consistency for application by spraying to the joint areas. 
Filler materials also may be dipped in the flux mixture. If this 
is done, a mixture of about 50 parts flux and 35 parts water is 
suggested. To assist in obtaining a uniform spread and thick- 
ness of the flux on the metal, a wetting agent may be added to the 
mixture. 

Most assemblies can be placed in the furnace immediately after 
fluxing, but in the case of large fluxed surfaces such as on radiators 
or aircraft intercoolers, it is essential to remove most of the mois- 
ture from the flux, which might otherwise interfere with the 
brazing process. To do this, the assemblies should be preheated 
for 15 to 20 min at a temperature of approximately 400 F. 

When furnace-brazing hollow assemblies with only small open- 
ings, hydrogen gas may be formed if a water-mixed flux is used. 
Ignition of this hydrogen may be of sufficient violence to push 
the assemblies out of alignment. The formation of this gas can 
be prevented either by a preliminary drying operation, or by 
mixing the flux with either methyl or ethyl alcohol instead of 
water. 

Filler Material. The brazing alloy is added to the joint in 
different forms, depending on the design and location of the parts. 
In most cases, a wire ring or flat shim can be fitted into the joint. 


Fie. 16 Cross-SecTionat Structure or Brazinc SHeet SHowine Layers or Brazina Merat INTEGRAL WitH PaRENT ALLOY 
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The choice of alloy, form and size of the filler metal depend on 
the alloy and shape of the parts to be brazed. 

Filler material for many parts made from sheet can be supplied 
most economically by using brazing sheet. In this product, & 
thin coating of special alloy filler metal is bonded to one or both 
sides of the sheet in the mill (see Fig. 16). Parts are formed by 
bending, drawing, or hammering as may be required. The coat- 
ing forms with the parent metal to the shape of the piece and is 
in position for brazing with no further work. 

Furnace Equipment. Brazing is performed in standard types of 
furnace equipment. Temperature regulation within plus or 
minus 5 deg F of the nominal temperature is necessary to get con- 
sistent results. This requires automatic temperature control. 
For most parts, circulation of the furnace atmosphere is not es- 
sential to the brazing operation but is a desirable feature in 
furnace construction in that it reduces the heating time and re- 
sults in more uniform distribution of temperature in the furnace. 
If the parts to be brazed are subdivided into passages too small 
in area to permit uniform temperature rise by the natural con- 
vection currents in the furnace, forced circulation is absolutely 
essential. Both gas-fired and electrically heated furnaces have 
been used, as well as batch and continuous types. When using a 
gas-fired furnace, best results are obtained if the furnace is made 
so that the products of combustion do not come in contact with 
the parts to be brazed. 

The furnace design should be based on an operating range of 
1000 to 1200 F. The design also should provide for the insertion 
of baffles, so that radiant energy from the heating units does not 
locally overheat the load. Precautions should be taken to pre- 
vent drops of molten flux from coming in contact with the heat- 
ing elements. 

Brazing Time. The total time that an assembly to be brazed is 
exposed to the furnace temperature depends on the thickness of 
the parts and must be determined by trial. Experience indi- 
cates that furnace-brazed parts can be made from material 
0.006 to '/; in. thick. Material 0.006 in. thick will reach brazing 
temperature in a few minutes, while it requires 40 to 45 min for 
1/,-in-thick material to reach that temperature. A period of 2 to 
6 min after the metal reaches the brazing temperature is required 
to melt the filler material and flow it into the joint. As stated 
previously, because of the varying rate of temperature rise, it is 
not good practice to design an assembly so that a wide range of 
thickness occurs in its various pieces. 

Brazing Temperature. Brazing temperatures depend on the 
alloy used, the design of the parts, and the size of fillets desired. 
The actual load temperature should be measured by means of a 
thermocouple attached directly to one of the parts being brazed, 
or preferably to a “dummy” unfluxed part to prevent destruc- 
tion of the thermocouple by contact with flux. Larger fillets are 
obtained at the upper end of the temperature range. 


Torcu Brazine 


In torch brazing, the heat required for melting the filler mate- 
rial is applied to the joint locally with a welding torch. Oxy- 
hydrogen, cxyacetylene, or oxy-natural gas flames may be used. 
However, the first two procure smoother and cleaner joints and 
are faster than the third. The choice of the torch tip depends on 
the thickness of the parts and can be most easily determined by 
trial. Best results are obtained with a reducing flame. 

The flux is mixed with water and applied to the filler wire by 
dipping. Heat is then applied to the assembly with the flame 
until the temperature reaches a point where the flux and filler 
material melt and wet the surface of the parent parts with little 
or no melting of the latter. In this brazing process, the filler 
material is more fluid and it flows more freely than in gas 
welding. 


Furthermore, the speed of brazing is greater than that of gas 
welding. 


Dip Brazine 


Dip brazing differs from furnace brazing in that it is not neces- 
sary to apply the brazing flux in a separate operation. In dip 
brazing the parts are assembled with the filler material in place. 
The assembly is placed on a suitable rack and dipped in molten 
flux held at the proper temperature to melt the filler material 
and produce its flow into the joint but yet not melt the parent 
parts. While commercial experience is yet quite limited, its field of 
possible applications includes finned tubing, radiators, heat ex- 
changers, and similar assemblies that permit complete drainage 
of the molten flux after brazing. 

Parts are prepared for dip brazing in much the same manner 
as for furnace brazing from the standpoint of cleaning and as- 
sembly. Dip-brazed parts should be designed so that alignment 
during brazing is obtained by the fit of the parts rather than hold- 
ing the pieces in jigs or fixtures. For example, in brazing tubes 
to header plates a close fit at the joint can be made by expanding 
the ends of the tubes into the holes in the header plate. Racks 
for suspending the parts in flux are usually made from nickel or 
pure-aluminum wire. The same temperature range used for 
furnace brazing is suitable with the final temperature chosen by 
trial. The parts are dipped from 30 sec to 3 min, depending on 
the shape and thickness. 

Increased speed and smoother joints are obtained if the parts 
are preheated to between 900 to 1000 F, before dipping in molten 
flux. This is usually accomplished in a separate operation and 
prevents local freezing, distortion, inconsistent joining, and en- 
trapment of flux in small openings in the pieces. 

It is important that the flux be held in a container which will 
not cause contamination. Pure-nickel pots have been found 
satisfactory from this standpoint, and a service life of about 6 
months can be expected with this material. Some ceramic pot 
linings are suitable although, unless previous experience has indi- 
cated a ceramic is not attacked by the flux, preliminary testing 
should be accomplished. Both external gas-fired heating or 
electric-resistance heating of the molten flux have been found 
satisfactory. Temperature control within plus or minus 5 F of 
the brazing temperature is essential. The size of the pot also 
should be such that the chilling effect from dipping the parts to 
be brazed does not drop the temperature below this tolerance. 

The addition of flux to replace drag-out or increase the depth 
will introduce moisture. The same conditions exist when a fresh 
batch of flux is melted. The source of this water is the chemi- 
cally combined water in the flux constituents, and the effect is to 
attack the aluminum parts unless the bath is dehydrated. De- 
hydration is accomplished by dipping a coil or piece of aluminum 
sheet in the flux. As long as moisture is present, hydrogen is 
evolved which ignites on the surface producing small orange 
flames. 

Dip brazing has not been in wide commercial use as the process 
is new, and detailed information on procedure has not yet been 
established 


Brazine CastTInes 


The brazing of castings or assemblies, including castings, is 
still the subject of considerable experimental work. The melt- ° 
ing ranges of most of the cast alloys are somewhat lower than the 
melting ranges of the non-heat-treatable wrought alloys, and to 
braze them requires lower temperatures than can be used with 
most of the filler materials developed to date. The mass of a 
casting also introduces problems in connection with warping and 
distortion which further limit the temperature that can be used 
satisfactorily for such brazing. Although techniques have been 
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worked out for certain alloys and applications, this problem will 
require further work before brazing can be considered generally 
applicable for castings. Brazing for cast parts is the same as for 
wrought parts from the standpoint of cleaning, fluxing, furnace 
time, temperature, and joint design. 


CLEANING JOINTS AFTER BRAZING 


It is always necessary to clean the joint after the brazing opera- 
tion. Many parts can be immersed in boiling water before cool- 
ing from the brazing temperature, which will remove the major 
portion of the flux. If such a quench distorts the part, it should 
be allowed to cool in air and then immersed in boiling water. 

This is followed by a dip in concentrated nitric acid for 5 to 15 
min, depending on the design of the parts. The acid is removed 
with water rinse, preferably in boiling water, in order to accelerate 
drying. An alternative cleaning method is to dip the part for 
5 to 10 min in a 10 per cent nitric plus 0.25 per cent hydrofluoric- 
acid solution at room temperature. This, in turn, is followed by 
a water rinse. 

Brazed parts with thin sections (0.01 in. and lighter) and parts 
where maximum resistance to corrosion is important should be im- 
mersed in hot water followed by a dip in 10 per cent nitric plus 
10 per cent sodium-dichromate solution for 5 to 10 min. This, 
in turn, is followed by a hot-water rinse. 

Some of the brazing processes and materials referred to are 
covered by United States patents and patent applications owned 
by the Aluminum Company of America. 


SOLDERING 


The soldering of metals, as we ordinarily think of this process, 
consists of joining metallic components together by means of a 
metal or alloy having a melting point in the range of about 200 
to 700 F. Merely bringing molten metal in contact with a solid 
metal surface, however, does not necessarily insure wetting or 
alloying which are requisite to metallic joining. T! surface of 
the solid metal, being normally covered with oxide and impurities, 
no longer has forces available for initiating the wetting process, 
for these forces have been neutralized by the formation of the 
oxide and by the absorption of the impurities. 

To permit metallic joining, these materials must be removed. 
The oxide and absorbed impurities present on the solid metal 
surface are sometimes removed mechanically, for example, by 
wire-brushing. At other times, it is customary and generally 
preferable to employ a flux to remove or displace the oxide and 
to act as a protective cover to minimize additional oxidation of 
the metal surfaces. 

Of the various methods used for making continuous metallic 
joints between metal components, that of soldering has been least 
considered in connection with aluminum and its alloys. This 
limited use of soldered aluminum joints in the past has probably 
been the result of a number of factors, among which may be men- 
tioned the inferior flow characteristics of the solders and fluxes 
formerly used as compared with those used on other metals, the 
inherent property of aluminum and its alloys readily to form and 
permanently to maintain a refractory oxide film, and the position 
of aluminum in the electromotive series of elements which often 
subjects it to electrochemical interactions with other metals or 
alloys in contact with it. 


MeErTuHops oF SupPLyinc HEAT 


The method of applying the necessary heat, and sometimes of 
supplying the solder as well, to the aluminum parts to be joined 
depends on the shape and size of the parts, the joint design, the 
appearance of the completed assembly, the equipment available, 
and so forth. In any case, the surfaces of the parts to be soldered 
must attain the proper temperature to insure satisfactory results. 


JANUARY, 1945 


Any ordinary electric or gas-heated soldering iron may be used 
on aluminum in the same manner as on the other materials such 
as copper, brass, and iron except that ordinary lead-tin solder 
should be used to tin the copper tip before using it and that an 
aluminum solder must be used for the joining. As with other 
metals, flame or torch methods may be used for soldering alumi- 
num with the added precaution that the flame should be directed 
on the opvosite side of the part from the joint, or near the joint, 
so that the heat to melt the solder is supplied by conduction and 
so that the flame does not directly contact the flux and solder; 
a hot plate is particularly useful in this connection. The required 
heat may also be supplied by means of an oven or furnace operat- 
ing in the required temperature range; if this method of supply- 
ing heat is used, it may be desirable to supply the solder either by 
means of a previously applied coating or by solder rings or strips. 

For some applications, induction heating may be used in the 
same manner as for other metals; for others, resistance heating, 
as by means of properly shaped carbon blocks, may be used. 


Fic. 17. Sort-SoLpERED JOINT OF AN ALUMINUM REFLECTOR TO A 
Brass Licut-BuLB BasEe 


Fig. 17 shows a soldered joint between an aluminum reflector and 
a nickel-plated brass base of a light bulb. This joint was made 
by means of a preplaced ring of a special flux-coated aluminum 
solder and two carbon contacts to utilize the resistance of the 
aluminum. The joint shown has been exposed to laboratory 
air for several years with no apparent signs of deterioration. 

A method long in use for supplying both heat and solder is 
dipping prefluxed parts into a molten solder bath or dipping 
parts through a flux layer into a molten solderlayer. A similar 
method can be used for aluminum and its alloys and, for certain 
types of joints, lends itself very well to rapid production of sol- 
dered parts. 

SOLDERING PrRocEDURES 


For accessible surfaces, it has been a common practice to cause 
the molten solder to wet or to alloy with the aluminum by a me- 
chanical abrasion or friction method. In general, the solder is 
melted on the aluminum surface and the surface rubbed or other- 
wise abraded beneath the molten solder in order to remove the 
oxide film and to allow the solder to adhere to the surface. The 
mechanical friction can be produced by a soldering iron, scraper, 
steel wool, wire brush, or in some cases by the solder stick itself 
After the surfaces are alloyed to the solder, they may be joined 
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together by placing them in contact and subjecting them to heat; 
more solder may be added if required. Aluminum surfaces which 
have been properly alloyed to an aluminum solder by any of the 
common methods may then be joined by ordinary soft solders 
and fluxes. 

Some of the fluxes suggested for soldering aluminum contain 
large amounts of heavy metal halides and function by reacting at 
approximately 400 F with the aluminum surfaces to produce the 
corresponding heavy metal and volatile 7!2::.:.;um chloride, which 
is released in the form of white fumes or smoke, and this reaction 
mechanically breaks up the oxide film. It should be noted that 
with this type of flux, the reaction resulting in the production of 
the joining metal or alloy takes piace at the expense of the alu- 
minum parts. Such fluxes are generally unsuitable for thin-gage 
aluminum because of the danger of perforation. It is very im- 
portant to remove the chloride residues resulting from the use of 
halide fluxes in order to minimize corrosion of the soldered parts 
when exposed to moisture. Fig. 18 is a section through a joint 
made with such a flux and soldered joints of this type have been 


Fig. 18 Muicrosection THRovuGH A SOLDERED JoINT Mabe WITH 
Heavy Ha.ipe AND ADDITIONAL SOLDER 
(Approximately X50.) 


known to be relatively unaffected after as much as 7 years in 
outdoor atmosphere. 

Certain so-called covering fluxes, covers, or blankets are some- 
times used in conjunction with mechanical methods or with spe- 
cial surface pretreatments. Such fluxes have a doubtful effect 
on oxide removal but probably function to exclude air from me- 
chanically or chemically cleaned aluminum surfaces and thus to 
minimize reoxidation. Common covering fluxes which have 
been suggested by various writers are paraffin, petroleum jelly, 
stearic acid, etc. These are used in combination with mechani- 
cal abrasion or commonly with a chemical pretreatment in dilute 
hydrofluoric-acid, or nitric-acid plus hydrofluoric-acid solutions. 

Other fluxes have been based on halides of alkali and alkaline 
earth metals but they require a high temperature and in addition 
present the problem of removing flux residues. New types of 
low-temperature flux, which effectively remove oxide films and 
promote rapid wetting and flow by molten solder, have recently 
been introduced and have found interesting applications. A 
small quantity of the flux is applied to the joint or to the solder 
wire and the joint is made by means of a soldering iron, flame, or 
hot plate. No rubbing is necessary and the technique resembles 
that used with other metals. These new fluxes can also be used 
for soldering the common metals such as copper, brass, iron, 
nickel, etc. Fig. 19 is a section through a joint made with one 
of the new fluxes. 


An old technique, not used extensively in the past because of 
inability.to obtain adherent electroplates, is the plating of alu- 
minum parts with copper, brass, ete., followed by soldering with 
the ordinary soft solders and fluxes. Recent developments in 
plating aluminum suggest interesting applications for this method 
of joining the aluminum alloys. It is of course necessary to 
note that the metals plated on aluminum for soldering purposes 
are of a type which promote corrosion when the parts are sub- 
jected to corrosive environments, and therefore the excess plat- 


Fie. 19 Microsection THrovuGH a Joint Mabe 
Wits a NonREACTIVE FLUX 
(Approximately x 50.) 


Fie. 20 Microsection Sort-SoLtpERED JoiInT MApE ON 
ALUMINUM Writs Leap-TIN SoLpER AND ZINC- 
CHLORIDE Fiux 
(Approximately x50.) 


ing should be removed after soldering, if possible. Fig. 20 is a 
section through a joint made on copper-plated aluminum. 


Sotpers Usep 


The technical and patent literature contains literally hundreds 
of compositions which have been proposed for soldering aluminum 
and its alloys. It has been stated that most of the solders that 
have been found to be satisfactory contain about 50 to 75 per cent 
tin, the balance zinc. Proposed advantages of various solders 
are directed toward ease of soldering, mechanical strength, re- 
sistance to corrosion, etc. It is in general true that metals most 
closely adjacent to aluminum in the electromotive series will ex- 
hibit the least activity toward bimetallic or galvanic corrosion, 
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and those farthest removed, the most corrosion. At the juncture 
of dissimilar metals, some potential difference will always exist 
in the presence of an electrolyte. Since the soft solders are nec- 
essarily mixtures of the so-called heavy metals, such as zinc, 
cadmium, tin, lead, and smaller amounts of copper, silver, anti- 
mony, bismuth, etc., it is apparent that soft-soldered joints in 
aluminum are subjected to electrolytic corrosion in certain en- 
vironments. This action can be prevented to a certain extent 
oy covering the joint with a moisture-proof paint or varnish but 
should not be considered as a practical romedy for all cases. 


SoLDERABLE 


Aithough it is probably possible to cause certain soft solders to 
wet or alloy with any of the aluminum-base alloys, it is not always 


Fie. 21 


Sort-SoLDERED JOINTS OF ALUMINUM TO COPPER SLEEVES 
FOR TRANSMISSION LINES 


desirable to soft-solder some of them. Soldered joints can be used 
in joining tubing, sheet, extruded shapes or any of the commer- 
cial forms of 2S or higher purity, 38, 53S, and 61S. Alloy 52S 
has rather poor soldering characteristics unless the parts are 
cleaned before applying the solder; a brief dip in 5 per cent nitric 
acid plus 1 per cent hydrofluoric acid, or in 5 per cent hydro- 
fluoric acid have been found suitable for such cleaning. Alloys 
such as 568, which contain substantial amounts of magnesium as 
an alloy constituent, have poor soldering characteristics. Struc- 
tural alloys such as 17S and 24S also have poor soldering charac- 
teristics and should not be soldered because of the rapid inter- 
granular penetration of molten solder. This does not apply to 
electroplated alloys, however, since the solder does not penetrate 
the plating. 

Soldering can also be used for joining other metals to aluminum, 
either directly or by first plating the aluminum with copper. 
For example, joints can be made to copper, brass, iron, steel, 
nickel, etc. Applications such as the joining of copper sleeves 
to transmission-line fittings have been successful for many years. 
Several such joints are shown in Fig. 21. Joints between very 
small aluminum and copper instrument wires can also be made. 
While extensive experience is not yet available, experimental 
results indicate that any metal that is now commercially soldered 
can be joined to aluminum by soldering. 


Joint DESIGN 


The design of soldered joints in aluminum construction is simi- 
lar to that used with other metals. Butt joints, line-contact 
joints, laps, tube-to-tube flare joints, etc. can be used. The 
required strength can, in general, be obtained by increasing the 
lap area. Since the principal stresses to which a soldered joint is 
subjected in service are mainly shear stresses, the shear strength 
of a lap-soldered joint is one of its most important properties. 


JANUARY, 1945 


Although joints with large lap area are somewhat difficult to 
make in aluminum by the flux methods, they can readily be made 
by pretinning, followed by “sweating” the faying surfaces to- 
gether in the regular manner, or by using electroplated aluminum 
and ordinary soldering procedures. Fig. 22 illustrates some of 
the types of soldered joints which can be and have been used. 


PERFORMANCE OF JOINTS 


The strength of soldered aluminum joints is dependent on the 
type and design of joint. In most cases, lap joints are used and 
sufficient tay should be provided to cevelop the necessary strength. 
In generai, soldered joints wiil have a tensi!s strength of 7000 te 
15,000 psi, a shear strength of 2000 to 4C%6 psi, and a stripping 
strength of 100 to 200 lb per linear in. 

The resistance to corrosion of soldered joints in aluminum alloys 
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Fic. 22 Types or Joints Usep ror Sort SoLpERING 


WIPED JOINT 


depends on the character or form of the joint, the application 
involved, the environment to which it is exposed, the care in 
making the joint, the type of solder, ete. The resistance to cor- 
rosion of soldered joints is the most important single factor to be 
considered before production use of soldering is attempted. As 
previously indicated, all solder compositions consist of metals 
possessing solution potentials which are different from that of 
aluminum and, in the presence of an electrolyte, corrosion failure 
of the joint may occur. The life of the joint will depend almost 
entirely on conditions to which it isexposed. Experience indicates 
that a joint that can be kept dry will last indefinitely. 

In actual practice, the use of properly soldered joints indoors 
is satisfactory if the environment is dry. Lap joints exposed 
to the outdoor atmosphere where the edges of the lap only 
are exposed have also shown satisfactory life provided that no 
pockets to entrap moisture are present. Soldered butt joints, 
made with three different solders and exposed to New Kensington 
industrial atmosphere for 4 years, showed an average loss of 50 
to 80 per cent in tensile strength, depending on the solder. 
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There does not seem to be much chance for the successful use of 
soldering on unprotected parts immersed or partially immersed in 
water, or unprotected parts exposed to moist or saline environ- 
ments although soldered aluminum joints made with certain sol- 
ders have successfully withstood an atmosphere of 100 per cent 
relative humidity at 125 F for about 4 years. However, it ap- 
pears to be possible to increase greatly the life of soldered alumi- 
num joints in humid and saline environments by coating them 
with a good zinc-chromate primer followed by aluminum paint. 


Bs TUBING REFRIGERANTS AND ROTATED 
AT ROOM 7EMPERATURE FOR 6 YEARS 


FREON SULFUR DIOXIDE 


Fig. 23. Sorr-SonpERED ALUMINUM TUBES AFTER 6 YEARS IN 
Laporatory Ark Waite Fittep With INpIcaTED REFRIGERANTS 


It is also possible that joints made with certain solders may be 
cathodically protected in some corrosive environments. 

Where resistance to corrosion is important, brazed, welded, or 
riveted joints should be considered. 


APPLICATIONS 


The limited use of soldering as applied to aluminum construc- 
tion has resulted in a lack of extensive service experience, al- 


though the technical literature contains some interesting ex- 
amples. Fig. 17 illustrates a light-bulb base soldered to an alu- 
minum reflector, whereas Fig. 21 shows soldered aluminum-to- 
copper transmission-line fittings. Fig. 23 shows the interior of 
soldered 3S aluminum tubes which have been exposed to various 
refrigevants on the inside and to normal indoor atmosphere on 
the outside for 6 years. The tubes were rotated on a shaft at 3 
to 4 rpm so that liquid refrigerant flowed back and forth through 
the tubes. All solders employed in making the joints proved 
ui’ e satisfactory except when exposed to brine which attacked the 
seker. The aluminum was only very slightly attacked. Soldered 
juiats involving aluminum should find a use in radio, electrical, 
ref )geration, and similar fields once their limitations are taken 
tuto consideration. 


RESIN-BONDING 


Modern civilization requires the putting together of things, and 
it is therefore reasonable that at some stage of man’s develop- 
ment a metal would be joined to a nonmetal in order to produce 
a new and useful object. In many instances, joining was made 
by means of natural or synthetic adhesives to give a complete 
faying-surface bond, in contrast to bolts or screws or rivets which 
would give only localized bonds. Of the two types of adhesives, 
natural and synthetic, the latter has apparently been the most 
successful because of strength, stability, moisture resistance, etc. 
It was therefore logical that an attempt would be made to join 
metals to metals by means of adhesives. The new art resulting 
therefrom is described by the term “resin-bonding.”” This term 
is used in a broad sense to include joining by means of organic 
adhesives such as synthetic resins, natural or rubber hydrocar- 
bons and, in fact, any organic material which exhibits important 
sticking or bonding properties. These organic adhesives are re- 
ferred to as resin cements. 

There is not available at present a universal resin cement capa- 
ble of bonding any material to itself, or to any other material, 
to produce optimum joint properties. The nature of the mate- 
rials to be bonded, with their varied surface conditions and basic 
physical properties, and the even more varied conditions of serv- 
ice required of the completed joints, dictates a compromise be- 
tween mechanical properties, such as tensile, shear and tearing 
strength, and resistance to environment, including such factors as 
temperature, solvents, chemicals, and moisture. 

Adhesive bonds may arise from two sources, i.e., mechanical 
imbedding of the film of adhesive in the pores or irregularities of 
the surfaces being joined, and the exertion of specific molecular 
attraction between surface and adhesive. There is much evi- 
dence to prove that any fluid or semifluid which wets a particular 
surface and which is then converted into a tenacious mass by 
physical or chemical changes can be regarded as an adhesive for 
that surface. For example, it has been shown that even com- 
mon materials may function as adhesives, shellac giving alumi- 
num joints withstanding 2800 psi in tension and 2200 psi in shear, 
and water glass (sodium silicate) up to 900 psi in tension and 700 
psi in shear. 

It has been suggested that strong bonds are obtained only 
when the adhesive and the surfaces to be bonded have the same 
polar nature. For example, paper and animal glues make strong 
bonds because they are both strongly polar; water, which is of 
course strongly polar, makes a very strong bond in the frozen 
state to polar surfaces but poor bonds to nonpolar surfaces. In 
specific adhesion, then, the molecular attraction between the ad- 
hesive and the adherent is responsibie for the strength of the 
bond. 

Resin-bonding may be carried out in temperature ranges of 
room temperature up to 500 F, depending on the adhesive used 
and the character of the surfaces to be bonded. Thus resin 
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bonds fall in the low-temperature group of joining methods and, 
being organic in nature, have a limitation of temperature im- 
posed on them. This will be brought out more clearly in subse- 
quent paragraphs. 


Types oF CEMENTS 


The resin cements used for joining aluminum are of several 
types. The vuleanizable cements are those based on natural or 
synthetic rubber, or a combination of natural or synthetic-rubber 
and synthetic-resin materials. Another group, formulated from 
materials known as plastics, may be of the thermosetting or non- 
resoftening type, or of the thermoplastic or reversibly softening 
type. 

Certain cements are used for making aluminum-to-aluminum 
joints with either an uncured or a vulcanized-rubber or synthetic- 
rubber interlayer. The resulting joints have properties which are 
in many ways dependent on the thickness of the interlayer. 


JOINING METHODS 


Resin-bonded aluminum joints generally require the applica- 
tion of both heat and pressure in order to cause the cement to 
flow or to set to its final form, to bring the surfaces together, and 
to increase the specific adhesive forces. 

As with any other joining process based on a wetting action, the 
surfaces to be bonded with a cement must be free of foreign 
matter, grease, etc. In many cases, a thorough solvent or vapor 
degreasing operation will prove sufficient. In other cases, par- 
ticularly with the heat-treatable aluminum alloys, it is desirable 
to pretreat the surfaces to be joined with special solutions. This 
will insure a surface which favors a better adherence of the ce- 
ment. When the surfaces to be joined have been properly 
wetted by the cement, the finished joints will generally fail in ten- 
sion or shear through the adhesive film, otherwise failure occurs at 
the interface between the cement and the metal. The effect of 
various pretreatments of the aluminum can be illustrated by the 
results for a thermoplastic cement which range from about 1300 
psi to about 3500 psi in shear, depending on the surface prepara- 
tion. It has also been shown that stripping strengths for a cer- 
tain thermosetting cement vary from 10 to 50 lb per linear in. 
depending on the chemical pretreatment used on the aluminum. 

Thermoplastic cements may be applied in the form of a solid, 
or a hot melt, or from solution; thermosetting and vulcanizable 
cements are generally applied from solution, although films or 
tapes can Sometimes be used. The application of resin-cement 
solutions may be by brushing, dipping, spraying, roller coating, 
or applicator coating. The use of a solution requires evaporation 
of the solvent, prior to assembly, by air-drying or oven-baking 
at temperatures up to 180 F. Sometimes a partial precuring of 
cement films up to 450 F may be employed. The cement is, of 
course, applied to the faying surfaces prior to assembly, except 
in the case of some thermoplastic materials which can be flowed 
in by capillarity or gravity. 

The thermoplastic cements require only enough pressure to 
bring the faying surfaces sufficiently close together to allow the 
cement to flow and fuse. The thermosetting and vulcanizable 
resin cements will, in general, require greater pressures in order 
to effect a satisfactory bond, except in those cases where a rubber 
interlayer is used. These greater pressures are not required for 
the setting or curing operation but for bringing the surfaces to 
be joined into close and continuous contact at all times during 
the heating operation. 

Pressure may be applied to the joint area by means of simple 
clamps, weights, pressure bags, or a hydraulic press. For uniform 
distribution of pressure on the faying surfaces, pressure pads of 
various kinds and spring-loaded press platens may be used. In 
general, pressures up to about 250 psi will be satisfactory. The 
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exact pressure will depend on the particular cement used and on 
the thickness of the parts being joined. 

The temperatures required for thermoplastic cements are usu- 
ally from about 250 to about 450 F; the required temperature 
need be maintained only momentarily since flow takes place as 
soon as a certain temperature, dependent on the pressure and the 
character of the cement, is reached. 

Thermosetting and vuleanizable cements require temperatures 
of about 200 to about 500 F. In addition, vuleanizable cements 
have been developed in forms which cure slowly at room tempera- 
ture or slightly above room temperature. Since a definite reac- 
tion takes place in such cement films during the setting or curing 
process, a certain time interval is a necessary adjunct to bonding 
with these materials. Both thermosetting and vulcanizable ce- 
ments require accurate temperature control if under- or over- 
curing, with resultant lowered strengths, are to be avoided; a 
temperature control of about +5 F should be satisfactory. 

The exact equipment necessary for resin-bonding the aluminum 
alloys will of course depend on the cement used and on the de- 
sign of the part. An oven operating up to about 500 F, a hy- 
draulic press with heated platens preferably equipped with cool- 
ing coils, spraying and brushing facilities are some of the equip- 
ment generally required. If a natural- or sythetic-rubber inter- 
layer is to be used in the joint, it may be necessary to employ 
some sort of mold around the joint in order to confine the flow of 
the rubber. It should be emphasized that, in place of cements, 
it is possible to use brass-plated aluminum for bonding with or 
to rubber. 

Experience to date indicates that resin-bonding may be used 
for any of the aluminum alloys. Only limited experience is 
available with such alloys as 17S and 24S. Because of the nature 
of these alloys, they should not be used with cements requiring 
heating at temperatures greater than about 300 F for more than 
a few minutes. 


Jornt DESIGN 


Since resin-bonding results in relatively low strengths per unit 
area, as compared to metallic joints, it is apparent that the joint 
design must be such as to give the required over-all strength. 
Thus the width of overlay, up to a certain width, determines the 
useful strength of the assembly. Resin cements, in combination 
with mechanical joints of the lock-seam or tube-flare types, result 
in assemblies which are gas- and liquid-tight and whose strength 
is a function of the type of joint, the area in shear or tension, and 
the character of the cement. Flared and swaged tube-to-tube 
joints with resin-cement on the faying surfaces have withstood 
up to 5000 psi hydrostatic pressure. 

Welding, brazing, and soldering processes are not generally 
commercially suitable for making lap joints of very large area, be- 
cause of the danger of porosity and flux entrapment. Cements, 
on the other hand, are ideally suited for making lap joints and 
should so be used whenever the faying surfaces can be brought 
into intimate contact. 

Resin-bonding is not limited to aluminum joints but is espe- 
cially applicable and almost necessary, for bonding other mate- 
rials such as glass, wood, fabric, plastic sheeting, rubber, and 
other metals to aluminum. 


PERFORMANCE OF JOINTS 


Adhesion, as we normally think of it, is a measure of the 
ability of the adhesive film to stick or adhere to the surfaces being 
bonded. If the joint fails at the adhesive-adherent interface, 
then the cohesion of adhesive and adherent is greater than the 
adhesion. If, on the other hand, failure is through the film, the 
maximum joint strength for that particular adhesive has been 
reached. Adhesion is generally measured by the use of three 
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Fig. 24 Typican Trensite, SHEAR, AND STRIPPING SPECIMENS AS 
Usep IN Stupy or MeEcHANICAL PROPERTIES OF RESIN-BONDED 
JOINTS 


Lo 


Fig. 25 Severat Resin-BoNpDED ARTICLES CONSISTING OF NEO- 
PRENE Hose TO ALUMINUM FirTinGs, ALUMINUM TUBES, ALUMINUM 
Dig CasTING TO AN ALUMINUM RING, AND ALUMINUM TO PLYwoop 


basic methods involving application of a load to the joint in ten- 
sion, in shear, and by stripping. 

Tension adhesion is usually determined by pulling apart two 
blocks of material fastened together by the adhesive. Shear ad- 
hesion is, of course, determined by applying a shearing stress to 
the joint which is generally a lap joint in sheet material. Strip- 
ping adhesion is evaluated by separating two surfaces by a peel- 
ing action. Fig. 24 shows three shear specimens, i.e., double- 
strap butt, single lap and double lap; two tensile specimens one 
of which has a thick rubber interlayer; and two stripping speci- 
mens made of thin-gage material in order that the peeling is al- 
ways at 90 deg to the joint. Other matters to consider are sta- 
bility, temperature resistance, application characteristics, bond- 
ing range, drying time, etc. 

Thermoplastic cements, which as their name implies will gradu- 
ally soften as the temperature is raised, should not in general be 
used in applications with a continued exposure to temperatures 
of 125 to 150 F. Thermosetting and vulcanizable cements 


should not be used in applications with a continued exposure to 
temperatures of 150 to 300 F. Low temperatures, down to 
minus 40 F, will in general increase the strength and brittleness 
of many resinous materials. Because each cement has its own 
set of properties, it is impossible to make a blanket statement as 
to the effect of temperature. 

Specific solvents may soften, swell, or dissolve thermoplastic 
cements; vulcanizates may be slightly softened and thermoset- 
ting resins are usually unaffected by solvents. Cements are or- 
ganic innature. Just as with any organic material, deterioration 
may be expected in time under adverse exposure conditions. 
Some of the cements tend to absorb moisture or salt water; this 
not only deteriorates the adhesive but may accelerate the corro- 
sion of the metal at the faying surfaces. Resin-bonded joints 
have held up favorably under seacoast or industrial atmospheres 
up to a period of 2 years but may fail in from 1 to 6 months in salt 
spray, tap water, or salt water. Painting of aluminum resin- 
bonded joints greatly enhances their resistance to failure in highly 
moist or saline environments. It is probable that cements with 
superior resistance to moisture will be developed in the future, in 
which case the factor of safety can be greatly increased for resin- 
bonded joints. 

Resin-bonded joints in aluminum alloys are capable of develop- 
ing up to 7000 psi in tension and up to 5000 psi in shear, the exact 
values being dependent on the character of the cement. In all 
cases, the stripping or adhesion strengths are low, being of the 
order ‘of 10 to 65 lb per linear in., the higher values being given 
by rubberlike materials when proper surface preparation is em- 
ployed. These relatively low values for stripping strength may 
be a serious limitation on resin-bonded joints since provision 
must be made, by appropriate design, to minimize a tearing or 
peeling action on the joint. However, stripping strengths of 
about 60 Ib per linear in. are of the same order of magnitude ax 
stripping strengths of soldered joints on tin plate. 


APPLICATIONS 


Aluminum-to-aluminum joints, bonded by means of. resin- 
cements, appear to have had a rather limited application prior 
to the war. On the other hand, important applications devel- 
oped during the past year or two are for the most part directed 
toward confidential war applications and therefore cannot be 
discussed. 

Fig. 25 does, however, illustrate a number of possible future 
applications such as neoprene or other synthetic hose cemented 
to aluminum, aluminum tubes bonded to copper tubes and 
sheathed with a vulcanized molded neoprene coating to mini- 
mize electrolytic attack, aluminum foil to plywood showing fail- 
ure by stripping through the surface layers of wood, and an 
aluminum die casting bonded to an aluminum-alloy ring. 

It would appear that some postwar uses of resin-bonding of 
aluminum can be based on present cements and other applications 
will “evelop as better adhesives become available. 


: 
pres 
ae. 
| 
: 
‘4 
spe 
~ 
& 
: 


| 
| 
| 
| 
| 
gee : 
4 
| 
“al 
| 
he 
“La 
| 


Effect of Some Environmental Conditions on 
the Mechanical Properties of Cellulose Ace- 
tate and Cellulose Nitrate Plastic Sheets 


By T. S. LAWTON, JR.,2 T. S. CARSWELL,! anv H. K. NASON! 


The effect of ambient temperature, relative humidity, 
testing speed, and sheet thickness on the tensile proper- 
ties, and of temperature on the compressive, flexural, 
shear, and impact properties of cellulose acetate and cel- 
lulose nitrate plastic sheets is shown in detail, and the 
general nature of these effects is summarized. 


OR the intelligent engineering application of any material, 
a knowledge of its properties under all environmental con- 
ditions which may be encountered in service is essential. 
Data of this type for plastics have been scarce but are being ac- 
cumulated rapidly to aid in the design of military equipment. 
A summary of progress in this field has been published recently 
from the laboratory (1)? with which the authors are associated. 
The work reported herein was undertaken to fill in gaps in 
our knowledge of the behavior of cellulose acetate and cellulose 
nitrate plastic sheets over the ranges of temperature and humidity 
ordinarily encountered in engineering uses. 


MATERIALS 


The cellulose acetate sheets used in this investigation were 
2050 TVA ‘‘Fibestos,”’ of the same composition as the materials 
used by Findley (2,3,4). They were manufactured by the 
sheeter process (5,6), and ‘the surfaces were given an “HH” 
(polished) finish in a planish press under the conditions custom- 
arily employed for such materials. The content of residual 
solvent and water was less than 1.5 per cent as received. These 
materials are of the type customarily furnished for transparent 
enclosures on aircraft and similar applications and meet all 
requirements of Air Corps Specification 12025-B (7), Navy Aero- 
nautical Specification P-41c, Grades B and LS (8), and A.S.T.M. 
Specifications (9), (10). 

The cellulose nitrate sheets were manufactured from medium- 
viscosity pyroxylin of approximately 11 per cent nitrogen con- 
tent, and were plasticized with camphor. Detailed composition 
of specific materials are shown in the sections which follow. Proc- 
essing was by the sheeter method and was similar to that 
employed for the cellulose acetate sheets. Residual solvent and 
water content was less than 1 per cent as received. These ma- 
terials meet all requirements of A.S.T.M. Specification D701-44T, 
Type i (11), U. S. Army Specification 94-12008B (12), and 
Federal Specification GG-T-671 (13). 

All materials used for these tests were taken from regular pro- 
duction lots. 


' Research Department, Monsanto Chemical Company, Spring- 
field, Mass. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Rubber and Plastics Division and presented 
at the Semi-Annual Meeting, Pittsburgh, Pa., June 19-22, 1944, of 
THe AMERICAN Socipty OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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Test PRocEDURES 


A.S.T.M. standard test methods were used wherever possible; 
specific reference to test methods is made in the following sections. 
_ The desired number of test specimens were cut from a single 
plastic sheet and mixed thoroughly to minimize geometric 
variables. All samples were preconditioned for 48 hr at 50 C 
(122 F), to eliminate moisture, and were stored in a desiccator 
over anhydrous calcium chloride until needed. For testing at 
various temperatures, specimens were placed in a conditioning 
chamber, maintained at the desired temperature, and allowed to 
remain for at least 6 hr to insure thermal equilibrium. They 
were then transferred quickly to a conditioned chamber on the 
testing apparatus, through which dry air at the desired tem- 
perature was circulating, and allowed to stand at least 10 min 
to insure that thermal equilibrium was restored. The test was 
then made under the desired conditions. 

A similar procedure was followed for testing at various humidity 
conditions, except that samples were allowed to stand for at least 
6 days in the conditioning chamber. All tests under varying 
humidity conditions were made at 25 C (77 F). 

The type of apparatus used for tensile and shear tests is shown 
in Fig. 1, that for flexural and compressive tests in Fig. 2, and that 
for impact tests in Fig. 3. 

Reported values represent the arithmetic mean of at least 
five determinations, and the plus or minus limits shown represent 
the arithmetic-mean deviation of the individual values from the 
mean. 


TENSILE PROPERTIES 


Tensile properties were determined by the method specified 
in A.S.T.M. Designation D638-44T (14); the method specified by 
Federal Specification L-P-406a (15) is identical. Stress-strain 
data were determined at a crosshead speed of 0.20 ipm. 

Effect of Temperature. Stress-strain curves for cellulose ace- 
tate at temperatures ranging from —65 C (—85 F) to 75 C 
(167 F) are shown in Fig. 4, and similar data for cellulose nitrate 
are shown in Fig. 5. Both acetate and nitrate sheet plastics 
were 0.125 in. thick. The nitrate sheet contained approximately 
25 per cent camphor. 

Table 1 summarizes the effect of temperature on the modulus 
of elasticity, yield stress, tensile strength, and elongation (at 
break) of the cellulose acetate sheet plastic. Table 2 sum- 
marizes similar data for the cellulose nitrate sheets. 

The effect of temperature on yield stress, tensile (ultimate) 
strength, and elongation is shown graphically in Fig. 6 for the 
cellulose acetate, and in Fig. 7 for the cellulose nitrate sheets. 

The effect of temperature on modulus of elasticity is shown 
graphically in Fig. 8 for acetate, and in Fig. 9 for nitrate sheet 
plastics. Data for moduli in compression and flexure are also 
shown in these figures. Figs. 10 and 11 show similar data for 
yield stress (upper) of acetate and nitrate sheets, respectively. 

Effect of Humidity. The effect of relative humidity (at 25 C) 
on the tensile strength and elongation of cellulose acetate and 
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Fig. Apparatus For Impact TEsTs 
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TABLE 1 EFFECT OF TEMPERATURE ON TENSILE PROPERTIES TABLE2 EFFECT OF TEMPERATURE ON Or 


OF CELLULOSE ACETATE SHEET PLASTIC OF CELLULOSE NITRATE SHEET PLAS 
Modulus of Tensile Modulus of Tensile 

Temperature, elasticity, Yield stress, strength, Elongation, Temperature, elasticity, Yield stress, strength, Elongation, 
deg deg F i psi X 105 psi psi per cent deg deg F psi X 105 psi psi per cent 
—65 —85 5.52+0.03 ..... 7690 + 28 12 =1 —65 —85 3.28+0.01 _..... 17900 + 600 9.3 +1.0 
—25 —13 3.98 = 0.04 6730 + 80 7190 = 100 19 +1 —25 —13 2.66 += 0.02 10100 300 11950 + 60 18 +2 

0 32 3.00 + 0.02 5500 + 160 6380 + 120 34 +2 0 32 2.22 0.01 7690 = 130 8850 +150 28 +3 

25 77 2.60 += 0.02 4180 + 60 4980 = 100 34 +3 25 77 2.02 0.02 5390 = 80 6100 +180 45 =4 

50 122 2.01 + 0.02 2510+ 80 3260+ 80 40 +3 50 122 1.60 + 0.02 3380 = 100 4050+ 60 50 +2 

75 167 1.81 +0.01 1410+ 40 1670+ 92 46 =4 75 167 1.39 = 0.02 2300 = 40 2360 +120 25 +2 
Norge: Specimens preconditioned 48 hr at 50 C and stored in desiccator. Nore: Specimens preconditioned 48 hr at 50 C and stored in desiccator. 
Tested at 0.2 ipm crosshead speed. Tested at 0.2 ipm crosshead s , 
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TABLE 3 EFFECT OF RELATIVE HUMIDITY ON 
PROPERTIES OF CELLULOSE ACETATE AND 
NITRATE SHEET PLASTICS 


TENSILE 
CELLULOSE 


Relative 

humidit 

-—tTensile strength, —Elongation, per cent— 

per cen Acetate Nitrate Acetate Nitrate 

0 4980 = 100 6100 = 180 34 45 = 4 

25 4710 = 50 5660 = 40 38 = 1 47 +1 
50 4480 = 90 5490 = 80 41 #1 50 = 1 
70 4230 = 110 4770 = 60 451 53 = 1 
88 4030 = 50 4600 = 50 48 =1 56 = 1 


TABLE 4 MOISTURE CONTENT OF 0.010-IN. CELLULOSE ACE- 
TATE AND CELLULOSE NITRATE SHEETS AT VARIOUS HU- 
MIDITY EQUILIBRIA 


Relative 

humidity, Moisture content, r cent-——— 

per cent Cellulose acetate lulose nitrate 
35 1.17 = 0.06 0.54 + 0.02 
50 1.63 + 0. 0.77 = 0.06 
70 3.21 #0.1 1.56 + 0.09 
2.46 + 0.12 
« 3.49 = 0.13 
88 
94 6.61 + 0.17 4.74 = 0.12 


TABLE 5 EFFECT OF THICKNESS ON TENSILE STRENGTH OF 
CELLULOSE ACETATE AND CELLULOSE NITRATE SHEET 


PLASTICS 
Sheet thickness, -——Tensile strength, 
mils Acetate 
10 7990 + 160 10000 + 120 
30 7210 = 70 8210 = 90 
60 6310 + 160 7200 = 140 
80 5820 = 90 6570 = 90 
125 5100 = 110 5700 + 100 
140 
180 Raden 4500 = 90 
240 
250 oon 4030 = 60 
0.125" SHEETS. 25°60. 
7000 
TENSILE STRENGTH— 
NITRATE 
6000 ONGATION— ——{60 
6000 — 50 
TENSILE STRENGTH- 
ELONGATION a 
ACETATE 
+ 
as ° 20 40 60 60 100 
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TABLE6 wf 3 OF TESTING SPEED ON TENSILE PROPERTIES 
F CELLULOSE ACETATE SHEET PLASTICS 


* Approximate 


Thick- head _initial rate of Tensile Reduction 
ness of speed, stressing, psi strength, Elongation, in area, 
sheet, in. ipm per min psi per cent per cent 
0.060 0.05 1810 5490 + 140 38 = 2 21.2 = 0.9 
0.060 0.20 7820 5770 = 170 37 = 2 19.3 # 2.1 
0.060 1.0 6010 + 260 36 + 2 18.7 * 2.7 
.060 4.0 186000 6260 = 150 33 = 4 16.9 = 1.4 
0.125 0.05 0 4620 = 170 37 =3 20.4 = 2.1 
0.125 0.20 6710 5000 * 240 38 = 3 20.2 #1.4 
0.125 1.0 35600 5350 = 300 34 * 5 17.6 = 2.6 
0.125 4.0 156000 5720 = 80 38 = 2 19.0 = 1.0 
. 250 0.05 1470 4090 = 160 42 =2 22.1 20.7 
0.250 0.20 6180 4550 = 90 43 = 2 22.0 + 0.9 
0.250 1.0 32700 4890 = 130 44 22.6 = 1.5 
0.250 4.0 147000 5350 = 100 46 = 2 20.4 = 1.7 
Norse: Samples conditioned and tested at 25 C, and 50 per cent relative 
humidity. 
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Fie. 14. Errsct or THICKNESS ON TENSILE STRENGTH OF CELLU- 
LOSE ACETATE AND CELLULOSE NITRATE SHEET PLASTICS 
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cellulose nitrate sheet plastics is summarized in Table 3 and is 
shown graphically in Fig. 12. 

The moisture content of these plastics, when in equilibrium 
with atmospheres at various relative humidities, was determined 
chemically by the Karl Fischer method (16). Specimens 0.010 in. 
thick were used, and the water content was determined after 8 
days’ exposure at the desired humidity level. The results are 
summarized in Table 4 and are shown graphically in Fig. 13. 

Effect of Sheet Thickness. To determine the effect of sheet 
thickness on tensile strength of cellulose acetate, a series of sheets 
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varying in thickness from 0.010 to 0.250 in. were skived from the 
same block of plastic, thoroughly seasoned to remove volatile 
solvents, and finished by planishing. A series of cellulose 
nitrate sheets was prepared in a similar manner, except that not 
all were cut from the same block of plastic. Tensile specimens 
were cut from these sheets, conditioned for several weeks at 
25 C (77 F) and 50 per cent relative humidity, and tested at these 
conditions by the standard method (A.S.T.M. D638-44T); a 
crosshead speed of 0.20 ipm was employed. The results are 
summarized in Table 5 and are shown graphically in Fig. 14. 
Effect of Testing Speed. Standard test specimens, conditioned 
and tested at 25 C (77 F) and 50 per cent relative humidity, 
were broken in tension at four different crosshead speeds, 0.05, 
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Fic. 16 Errectr or Testing Speep on TENSILE PROPERTIES OF 
CELLULOSE ACETATE SHEET PLAsTIC 


0.20, 1.0, and 4.0 ipm. . The cellulose-acetate specimens were 
from three sheets, 0.060, 0.125, and 0.250 in. thick, respectively, 
all of which were cut from the same block of plastic and finished 
in the same way. This was, however, a different lot of material 
from the one used for the other tensile tests previously reported 
although its composition was the same. Approximate initial 
rate of stressing was calculated by the method described in A.S. 


TABLE7 EFFECT OF TESTING SPEED ON TENSILE PnOPERTIES 
OF CELLULOSE NITRATE SHEET PLASTICS 


Nitrate Crosshead Tensile strength, Elongation, 

plastic speed, ipm psi per cent 
A 0.05 6000 = 120 37 +1 
A 0.20 6000 + 280 35 = 4 
A 1.0 6350 = 130 34 *3 
A 4.0 7070 = 100 34 =7 
B 0.05 5190 = 300 29 =3 
B 0.20 5380 = 180 27 «3 
B 1.0 5920 + 220 26 +3 
B 5.0 6670 = 40 2424 


Nore: Samples conditioned and tested at 25 C and 50 per cent relative 
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T.M. Designation D638-44T (14). The results of these tests 
are summarized in Table 6. The effect of testing speed on 
tensile strength of the three thicknesses of acetate sheet is shown 
graphically in Fig. 15, and the effect on tensile strength, elonga- 
tion, and reduction in area of the 0.060-in. sheet is shown in 
Fig. 16. 

Data on the effect of testing speed on tensile strength and 
elongation of two different cellulose nitrate plastics are sum- 
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marized in Table 7 and are shown graphically in Fig. 17. Both 
of these materials differed in composition from the sheets used 
for the other tensile tests reported. Plastic A contained approxi- 
mately 22.5 per cent of a mixture of camphor and an alkyl 
phthalate, and the sheets were 0.150 in. thick. Plastic B con- 
tained approximately 24.5 per cent of camphor, and the sheets 
were 0.140 in. thick. 


CoMPRESSIVE PROPERTIES 


Compressive properties were determined by the method 
specified in A.S.T.M. Designation D695-42T (17). The test 
specimens, cut from the same materials used for the tensile tests 
just described, were formed by laminating '/2-in-wide strips, in a 


TABLE 8 EFFECT OF TEMPERATURE ON COMPRESSIVE PROP- 
ERTIES OF CELLULOSE ACETATE AND CELLULOSE NITRATE 
SHEET PLASTICS 


Modulus of elasticity, Compressive yield stress, 


Temperature, ——pai X 1 psi 
me a deg F Acetate Nitrate Acetate Nitrate 
—94 3.24+0.01 2.81 + 0.02 8340+ 150 10000 + 160 
— 0 —40 2.76 +0.02 2.39 + 0.01 + 70 7650 + 110 
—10 14 2.39 +0.01 1.98 =0.01 5310+ 60 6340 + 220 

0 32 2.31 + 0.01 1.90 +0.02 4900+ 80 960 + 60 
25 77 +2.03 = 0.02 1.63 + 0.02 4470+ 40 5480+ 60 
50 122 1.78 +0.01 1.45 = 0.04 3900+ 60 5170+ 80 
70 158 1.56 = 0.02 1.20 +0.02 3510+ 60 4000 + 130 


Note: Specimens preconditioned . hr at 50 C and stored in desiccator. 
Tested at 0.2 ipm crosshead speed. 


TABLE 9 EFFECT OF TEMPERATURE ON FLEXURAL PROPER- 
TIES OF CELLULOSE ACETATE AND CELLULOSE NITRATE 
SHEET PLASTICS 


Modulus of elasticity, Maximum fiber stress at 


Temperature, ————psi X yield, psi 
roi deg F Acetate Nitrate Acetate Nitrate 
—70 —94 3.68 +=0.06 3.47 = 0.02 11200 = 110 12700 + 90 
—40 —40 3.30 = 0.04 3.01 + 0.02 9810 = 70 11000 + 400 
—10 14 2.95 = 0.02 2.53 = 0.03 8210 = 80 9820 = 60 
0 32 2.70 +0.04 2.24 +0.03 8070+ 80 9100+ 70 
25 77 2.46 +=0.02 2.00 =0.04 7000 +120 8090 = 60 
50 122 2.15 +0.03 1.62 + 0.03 6220+ 60 7390 + 60 
70 158 1.76 =0.02 1.31 + 0.02 6120+ 40 6700+ 40 


Nore: on imens pecoongntenet 48 hr at 50 C and stored in desiccator. 
Tested at 0.2 ipm crosshead s: 


TABLE 10 EFFECT OF TEMPERATURE ON SHEAR STRENGTH 


OF CELLULOSE ACETATE AND CELLULOSE NITRATE SHEET 
PLASTICS . 


Temperature, -—————Shear strength, 
eg C eg F Cellulose acetate Ce = a nitrate 
—70 —94 6190 + 70 6670 + 20 
—40 5750 = 30 6040 = 40 
—25 —13 5570 = 40 5800 = 60 
0 32 5320 = 50 5550 = 90 
25 77 5100 = 130 5230 + 50 
50 122 4860 = 30 5100 = 50 
70 158 4490 + 60 4660 = 70 


Nore: Specimens preconditioned 48 hr at 50 C and stored in desiccator. 
Tested at 0.2 ipm crosshead speed. 
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press, to form 0.5 in. X 5.0-in. bars, from which prisms 0.5 in. X 
0.5 in. X 1.0 in. were cut for use as test specimens. These were 
tested at a crosshead speed of 0.20 ipm. Compressive yield 
stress was taken as the point of failure, since beyond this the 
specimens deformed continuously until they were smashed to a 
thin cake. A typical compressive stress-strain curve (for cellu- 
lose acetate at 25 C and 50 per cent relative humidity) is shown 
in Fig. 18. The illustrations show the appearance of the test 
specimens at various points on the curve. 

The data for both acetate and nitrate sheets are summarized 
in Table 8. The effect of temperature on modulus of elasticity 
is shown graphically in Figs. 8 and 9, and on yield stress in Figs. 
10 and 11, respectively. 


FLEXURAL PROPERTIES 


Flexural properties were determined by the method described 
in A.S.T.M. Designation D650-42T. The test specimens, cut 
from the same materials used for the tensile tests described, were 
formed by laminating four 0.5 X 0.125 X 5-in. test bars. These 
were tested edgewise with a span of 4 in., and at a crosshead speed 
of 0.20ipm. Maximum fiber stress at the yield point was taken 
as the criterion of failure since beyond this point the specimen 
deflected continuously, with no increase in load, until the ends 
slipped through the supports. 

The data for both acetate and nitrate sheets are summarized 
in Table 9. The effect of temperature on modulus of elasticity 
is shown graphically in Figs. 8 and 9, and the effect on yield stress 
is shown in Figs. 10 and 11, respectively. 


SHEAR PROPERTIES 


Shear strengths were determined by the method described 
in Federal Specification L-P-406a (15). The three-plate shear 
tool was used with pins 0.375 in. diam and 1 in. long. These pins 
were turned on a lathe from 0.5 X 0.5-in. bars, formed by lami- 
nating four 0.125 X 0.5-in. strips in a press. The materials 
were the same as those used in the tensile tests described. 


TABLE 11 EFFECT OF ATE ON IMPACT STRENGTH 
OF CELLULOSE ACETATE AND CELLULOSE NITRATE SHEET 


LASTI 
Impact strength, ft-lb per in. of notch 
Tem arpy————~. ———I 80 
deg deg F Acetate Nitrate Acetate Nitrate 
—78 —108 0.41 +0.01 1.39 + 0.03 0.34 +=0.02 1.38 = 0.02 
—40 —40 0.45+0.01 1.83 0.02 0.40 + 0.02 1.77 = 0.03 
0 32 0.91 + 0.03 3.48 + 0.01 0.96 0.03 1.96 = 0.04 
25 77 #2.73 = 0.03 5.13 0.02 2.45 4.55 = 0.02 
50 122 3.34 +0.02 7.20 +0.04 2.85 = 0.03 6.36 = 0.04 
70 158 3.56 = 0.03 8.48 = 0.03 3.02 =0.04 7.61 + 0.04 


Nore: Specimens preconditioned 48 hr at 50 C and stored in desiccator. 
Specimens comprised four 0.125-in. plates, broken edgewise. 
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Testing speed was 0.20 ipm, and the results are calculated for 
“single” shear, i.e., the shearing stress existing at each point of 
failure. (Note: These stresses are one half of the so-called 
“double” shear stresses obtained by dividing breaking load by 
cross-sectional area of the pins.) 

The data for both acetate and nitrate sheets are summarized 
in Table 10 and are shown graphically in Fig. 19. 


Impact PROPERTIES 


Impact properties were determined by both Charpy and Izod 
methods, in accordance with the procedures described in A.S.T.M. 
Designation D256-43T (19). Specimens 0.125 in. thick, 0.5 in. 
wide} and of the proper length were notched with a single-tooth 
milling cutter at 400 rpm and were bound together in groups of 
four to give the correct aggregate width (0.5 in.). Specimens and 
apparatus were in thermal equilibrium with the testing atmos- 
phere at each test temperature. 

The data are summarized in Table 11 and are shown graphi- 
cally in Fig. 20. 

Impact strength was also determined by a falling-ball method. 
Specimens 6 in. square, and of several thicknesses, were bolted 
into a heavy steel frame (Fig. 21), and a 2-lb. steel ball was al- 


Fig. 21 Apparatus FoR Impact Test 


lowed to fall onto the center of the panel from a predetermined 
height. The limiting height which would just cause fracture 
of the specimen was determined by repeated trials. Samples 
were preconditioned at 50 C, as previously described, and both 
samples and steel frame were conditioned to thermal equilibrium 
at the desired temperature before testing. 

The results are summarized in Table 12 and are shown graphi- 
eally in Fig. 22. 


DiscussioN OF RESULTS 


The general effects of temperature, humidity, and testing 
speed have been pointed out previously by Carswell and Nason 
(1). The data herein presented are in line with these con- 
clusions. Cellulose acetate and cellulose nitrate sheets are 
typical thermoplastics. Acetate is fairly sensitive to changes 
in moisture content., nitrate only moderately so. Acetate is 
also slightly more affected by temperature changes than is 
nitrate. 

Tensile strength, flexural strength, compressive strength, 
shear strength, and the various moduli of elasticity all increase 
as the ambient temperature or relative humidity is reduced and 
decrease as these conditions are increased. Elongation and im- 


TABLE 12 EFFECT OF TEMPERATURE AND SPECIMEN THICK- 
NESS ON FALLING-BALL IMPACT STRENGTH OF CELLULOSE 
ACETATE AND CELLULOSE NITRATE SHEET PLASTICS 


-——Feet drop to break 6-in. X 6-in. panel; 2-lb ball——. 

——Cellulose acetate—— -—Cellulose nitrate— 
Temperature, 0.030 0.060 0.125 0.030 0.060 0.125 
deg deg F in. in. in. in. in. in. 


a” 
0.128" / 
8 
/ an 
‘ 0.065~ 
w CA 1 
x 4 0.06 
20 
g ----- | 
a 
2 
-80 -60 -40 -20 ° 20 40 60 80 


TEMPERATURE, °C. 


Fic. 22 Errecr or TEMPERATURE ON Impact 
STRENGTH OF CELLULOSE ACETATE AND CELLULOSE NITRATE SHEET 
PLastTics 


pact strength, however, decrease as the ambient temperature 
or relative humidity is lowered and increase as these conditions 
are raised. 

Tensile strength tends to increase as the testing speed is in- 
creased. Elongation and reduction in area, however, decrease 
with increasing test speed. 

In general, the tensile strength of these plastics decreases with 
increasing sheet thickness and increases with decreasing thick- 
ness. 

The data given in this report are for typical production ma- 
terials and are known to be representative. Since they are based 
on @ limited number of tests and on only a few samples of ma- 
terials, they should not be regarded as minimum values for de- 
sign or specification purposes. A much larger number of tests 
should be made and evaluated statistically before any such values 
are set up. 
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Variable Heat-Transfer Rate Correction 


in Multipass Exchangers, Shell- 
Side Film Controlling | 


By KARL A. GARDNER,' NEW YORK, N. Y. 


The change in temperature of the fluid streams within 
a heat exchanger, through the consequent alteration of 
their physical properties, may cause the over-all- heat- 
transfer coefficient to vary between rather wide limits; 
this represents the chief source of error in mean tempera- 
ture difference formulas, most of which are derived on 
the assumption of constant over-all coefficient. Colburn 
(3)? based a simple method of correcting for this effect in 
counter- and parallel-flow exchangers on the assumption 
of a linear variation of rate with fluid temperature. On 
this same basis, equations are developed in the present 
paper for multipass exchangers in which the shell-fluid 
film controls. It is shown that the results are practically 
independent of the number of tube passes, and the nu- 
merical data given are therefore those for the limiting 
case of crossflow with both fluids mixed, since this proves 
to be more amenable to direct mathematical treatment. 
These data are presented graphically and in tabular form 
as correction factors by which the arithmetic-average over- 
all heat-transfer coefficient and logarithmic mean tem- 
perature difference may be multiplied to obtain the true 
mean heat-transfer coefficient -temperature difference 
product; an example of their use is given. 


NOMENCLATURE 


THE following nomenclature is used in the paper: 


A = total heat-transfer surface 
A, = total surface in counterflow passes 
A,, = total surface in parallel-flow passes 
C = heat capacity of shell-side fluid 
c = heat capacity of tube-side fluid 
F = MTD correction factor based on constant U 
“F’ = MTD correction factor to be used with average rate 
determined by Colburn’s method 
F. = correction factor defined by Equations [11] and [12] 
Fg = correction factor by which Afiog and Uayg are multiplied 
to obtain (U At) m 
I,, 1, = integrals defined by Equations [2] and [5] 
I = either /, or /,, depending on direction of flow 
K = ratio A.U,/A,U, 
In = logarithm to the base e 
M = half the number of tube passes per shell pass 
P= — th) 
R= (T; T2)/(te — 
T = temperature of shell fluid 
T, = shell-inlet temperature 


1 The Griscom-Russell Company. 

2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Heat Transfer Division and presented at the 
Semi-Annual Meeting, Pittsburgh, Pa., June 19-22, 1944, of Tae 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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T, = shell-outlet temperature 
Tm = temperature of shell fluid at which U = Uy, 
t’,t”, ....t2) = temperatures of tube fluid in first, second, 
....2Mth tube passes 
ty, tay ty = intermediate temperatures between second 
and third, fourth and fifth, ....(2M — 2)th and 
(2M — 1)th tube passes 
t; = tube-inlet temperature 
= tube-outlet temperature 
U = over-all heat-transfer coefficient at temperature, 7’ 
(', = over-all heat-transfer coefficient at shell inlet 
U, = over-all heat-transfer coefficient at shell outlet 
Um = average over-all heat-transfer coefficient 
Uae = (Ui + U2)/2 
um (MT,—t’—t’? — ...1%M-D) 
v = any variable 
NW” = weight rate of flow of shell fluid 
w = weight rate of flow of tube fluid 
z = 
y = (T,—T)/u 
ye = (17, — — —&—.. J 
z= (T—T:.)/z 
= ...t,) 
4; = temperature difference at hot end of counterflow 
exchanger 
Al, = temperature difference at cold end of counterflow 
exchanger 
Atiog = logarithmic mean temperature difference 
Atm = mean temperature difference 
n= V1+4+ MR? 
@ = function of z defined by Equation [3] 
PR ~ &P\ RWC 
¢ = (1 + Mz) 
¥ = funetion of y defined by Equation [6] 


INTRODUCTION 


There exists a considerable literature on the mean temperature 
difference in various types of heat exchangers; Bowman, Mueller, 
and Nagle (2) give a summary and bibliography of the subject 
which may be brought up to date by the addition of four more 
references (4, 5, 6, 9). With a single exception, the equations 
for all types have been derived on the assumption that the over- 
all heat-transfer coefficient may be considered constant through- 
out the exchanger. For many combinations of fluids this is a 
reasonably accurate assumption so it should not detract from the 
value of previous or subsequent work on this basis to recognize 
that in other cases this heat-transfer coefficient may vary be- 
tween rather wide limits, with consequent error in expressions 
for the mean temperature difference based on its constancy. 
(The over-all heat-transfer coefficient is commonly referred to 
as the “heat-transfer rate” or, more briefly, as the “rate.” This 
concise terminology will be employed hereafter in the present 
paper.) 
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Nikuradse (9) and Colburn (3) considered the effect of rate 
variation in true counter- or parallel-flow exchangers and the 
latter showed that the logarithmic mean temperature difference 
could be used, provided the heat-transfer coefficients were cal- 
culated from the fluid properties at temperatures determined in 
a special way from the ratios of terminal temperature differences 
and heat-transfer rates; in this it was assumed that the rate 
varies linearly with the fluid temperature, a_ satisfactory 
compromise between physical accuracy and mathematical 
simplicity.® 

It has been suggested by Sieder and Tate (11) that an average 
heat-transfer rate determined from Colburn’s equation may 
also be used for multipass exchangers in conjunction with a mean 
temperature difference calculated from Nagle’s charts (8) or 
Underwood’s equations (13), both of which are based on a con- 
stant rate. This procedure, in the absence of anything better, 
has had the qualified approval of Bowman, Mueller, and Nagle 
(2), and McAdams (7); that it may lead to error, however, may 
be observed from a limiting case. 

Consider a 1-2 shell-and-tube exchanger in which the shell- 
side film coefficient controls. It is desired to cool the shell fluid 
from 280 F to 130 F by heating the tube fluid from 100 to 150 F; 
the heat-transfer rate at the shell inlet is twice that at the outlet 
so, from Colburn’s chart, the average rate would be taken as 
1.33 times that at the outlet. However, the mean temperature 
difference correction-factor chart for 1-2 multipass exchangers 
shows that it would take infinite surface to reduce the shell fluid 
to 130 F; this being the case, the average rate would be only 
infinitesimally greater than that at the outlet. Although this is 
an extreme example which would not even be considered in 
practice, it serves to indicate the error which may be involved 
‘in applying Colburn’s correction to types of exchangers other 
than that for which it was derived; this is also shown in Figs. 3 
and 4, about which more will be said later. 

Although the procedure recommended by Sieder and Tate is 
an improvement on the common practice of using an arithmetic- 
average rate, it is obvious that a more accurate method is needed 
to determine the effect of a varying heat-transfer rate on the mean 
temperature difference of multipass shell-and-tube exchangers. 
It is the purpose of this paper to furnish such a method for one of 
the more common cases, namely, exchangers in which the heat- 
transfer rate may be considered independent of the tube-fluid 
temperature, and hence a function of the shell-fluid temperature 
only. Such a condition is often encountered in petroleum- 
refinery work where viscous oils are cooled or, less fre- 
quently, heated by means of fluids with relatively high film 
coefficients. 


DERIVATION OF EQuaTioNns FoR 1-2M ExcHANGERS 


The basic assumptions made in the following analysis are 
the same as those customarily made, with the exception that 
the heat-transfer rate is not assumed constant; they may be 
summarized as follows: 

1 The rate of flow of each fluid is constant. 

2 The heat capacity of each fluid is constant. 


3 There is no condensation of vapor 
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6 There is equal heat-transfer surface in each shell pass and 
in each tube pass. 

7 The heat-transfer rate is a function of the shell-side fluid 
temperature only. 


It is necessary to consider two cases, one with the shell fluid 
entering at the stationary head end, and the other at the floating 
head end of the exchanger, as shown ‘n Figs. 1 and 2, respectively. 
Each exchanger is considered to have an even number (2.1) of 
tube passes counterflow and parallel flow), 


T, 
= 
t Ce 


Fig. DiaGram or 1-2M Muecrivass Hear Excuancer WITH 
SHELL ENTERING AT Stationary Heap ENp oF SHELL 


Fic. 2) DiaGram or 1-2M Mvuutipass Hear ExcHancer WITH 
SHELL ENTERING AT FLoatinG Heap END oF SHELL 


For the case where the shell fluid enters at the stationary head 
end, it is found that the mean rate-temperature difference 
product (Ul At), is given by 


U,(T, — T:) 

2RI, 
where 

71 —dz 
0 U, 

and 

4 
3] 


or boiling of liquid in part of the ex- (Mz + (1 — [Me + (1 


changer. 

4 Heat losses are negligible. 

5 The temperature of the shell-side fluid is uniform over any 
cross section. 

3 Since the present article was written a paper by M. G. Larian 
has been published (14), indicating the error involved in the as- 
sumption of linear rate-temperature variation for counterflow 
exchangers. In general, the accuracy of this method is good; the 
maximum error indicated in the examples given is 5 per cent. 


The detailed derivation of these equations and those that 
follow is given in the Appendix. 

When the shell fluid enters at the other end of the exchanger, 
the corresponding results are 


UAT: — 


(U At)m . [4] 
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where 
ye dy 
15] 
= M ¥ 
[My?— + WR)y + 1 + 1— 
0 ¥1 
and 
in + [My— (1 — MR) — [My — (1 
It is obviously impossible to write the solutions to Equations Then from Equation [1] or [4] 
[1] and [4] directly, and a very tedious process of graphical or 
numerical integration would have to be followed to obtain Ply i—Pp U; 
solutions were it not for the relations brought out in the following 1— PR) Us 


Crossetow Wren Born Fiurs Mixep 


A special case, the importance of which will appear in the next 
section, occurs when J — ©, crossflow with both fluids 
mixed. For this condition, a formal integration is possible, and 
Equations [1] and [4] both reduce to 


L.e., 


T:)(o" — U,/U2) 


(Uat), = UT 


where 


in which ? and #& are the customary dimensionless parameters 
and F, in this case, is the mean temperature difference correction 
factor for mixed crossflow exchangers with constant rate (2, 
4,12). Equation [7], of course, applies to exchangers in which 
the fluid whose temperature change is (7, — T;) is responsible 
for variation in the heat-transfer rate. Although there may 
have seemed to be a tacit assumption in all the foregoing that 
T is greater than ¢ (and hence that 7, > 72), this is not neces- 
sarily the case; therefore, Equation [7] may be used for either 
hot- or cold-fluid controlling, provided proper care is exercised 
in assigning numerical values to 7), 72, U;, ete. The value of 
(U At)m will be negative if 7, > 7), but this merely signifies that 
the flow of heat is from the fluid whose temperature is ¢ to the 
other. 


Meruop OF PRESENTING RESULTS 


Having determined numerical values for (17 At)», the question 
arises how best to present them. In view of Sieder and Tate’s 
suggestion (11), the most.obvious system would be to present 
correction factors F’, by which the iogarithmic mean temperature 
difference should be multiplied to obtain the mean tempera- 
ture difference to be used in conjunction with heat-transfer rates 
determined from Colburn’s chart. If this method were exact, 
a single series of curves independent of the value of U/l’: or 
the direction of flow should result and, furthermore, they should 
coincide with those presented by Nagle (8) for exchangers with 
constant rate. Colburn’s equation for counterflow exchangers 
may be written 


i—P\ U, 
UT, —7:)(1—PR) | U; 
1 
in(; 


1— Pr) 0, 


where / represents either /, or J, depending on the direction of 
flow. Fig. 3 shows that distinet curves are obtained for each 
value of (7, /U, which would necessitate preparation of separate 
charts for different values of U\/U. in addition to Colburn’s 
chart. 
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Another system would be to present a Colburn-type chart for 
multipass exchangers permitting calculation of the fluid tempera- 
ture at which the heat-transfer rate should be evaluated to arrive 
at the average value to be used in conjunction with Nagle’s 
curves and the logarithmic mean temperature difference. 


where 
(Um/U2— 1) 


* 
(U,/U; — 1) 
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From Equation [1] or [4] 


F, [13] 


“SY This cannot be reduced to terms of U,/U2, Atz/ At, and F, only, 
4 as is the case for counterflow exchangers, so separate charts 
like Colburn’s would have to be made for different values of P. 
One such chart (for P = 0.2) was prepared to show the dis- 
crepancy between Colburn’s curves for counterflow exchangers 
and those for multipass exchangers; see Fig. 4. 

In each of the foregoing systems two correction factors must 
be used, one for rate and one for mean temperature difference. 
The author believes it preferable to present the numerical results 
Y in the form of a single factor which corrects both at the same 
Ss time. Since it is common practice to evaluate the average heat- 
transfer rate at the arithmetic-average temperatures of the fluids, 
this has been used as a basis, i.e. 


(U = FoUavg Altice. -- .. [14] 
2 where 
( ) 
n\| ——— 
1 P 
Fo = (when R = 1) .. [15] 
(24 :) (R—1)I 
U2 
Fg = (when 4)...... [15a] 
(2: + 1) (1—P)I 
/ 
For mixed crossflow, these become 
2F (¢* U,/U2) In a 
16 
(2: :) (ot —1)(in 
U2 U, 
where 
17) 
or 
= ——— (w = 1)... 
1en a 
and 
1 
In¢ 


The derivation of the last-equation has been given previously 
(4). For a given value of R, ¢ may be assumed and P calculated 
from Equation [18]; knowing corresponding values of P and 
¢, F and Fg may then be found. 


Discussion OF NUMERICAL RESULTS 


In exchangers with constant heat-transfer rate, it has been 
observed (1, 2) that the mean temperature difference correction 
factors are practically independent of the number of tube passes 
per shell pass in the useful region of the charts (say, above F = 
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0.7); this is true even with infinite tube passes, or mixed cross- 
flow. Assuming that the same situation might exist under the 
conditions of the present investigation, the author first calculated 
values of Fg for mixed crossflow with U,/U, = 2, 3, 4, and 5, 
from the relatively simple Equations [16], [17], [18]. The results 
are given in Table 1 and Fig. 5; values for U',/U, = 1 (constant 
rate) are also included since, to the best of the author's knowledge, 
they have not been published before in this form. Then, by 
the more laborious process of integrating Equations [2] and [5] 
by the method given in the Appendix, values of Fg for 1-2 
exchangers were calculated for several values of P, R, and 
U,/U, to see what error might be involved in using the cross- 
flow data for any number of tube passes. Fortunately, this error 
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TABLE 1 CO-ORDINATES FOR FIG. 5 


F 
R P > 
= 1) 2} 1/0, 4] =5 
0.2 1 0.000 1.000 0.962 0.910 0.866 0.829 
2 476 -984 883 837 -800 
3 22 912 857 811 
5 72 915 “bbq 810 764 
10 .820 -780 728 bet 
88 619 568 526 -490 2463, 
0.4 1.5 0.312 0. 0.942 0.887 0.841 0.802 
2 453 861 -813 
3 5 92 761 723 
11 -751 718 -557 525 
21 613 -550 433 
51 787 2391 334 
0.6 1.5 0.302 0.983 0.934 0.876 0.828 0.790 
2 431 % 74) 
3 24 92 82 7 16 6 
. 
21 696 524 -413 3 -348 
51 700) 419 355 311 2 -- 
0.8 1.5 0.292 0.978 0 423 0.865 0.816 0.777 
2 940 “ 814 764 725 
z 511 963 790 676 628 
5 749 669 -607 2560 
ll -617 583 503 «446 406 375 
21 «626 474 399 313 -- 
1.0 1.3 0.206 0.087 0.97 0.878 0.8 f) 
1.5 .282 a6 Bot 1 
2 6 ‘ 7 
2.5 «446 79 802 Tig 
3 -479 835 6% 599 
4 514 .612 5 527 
282 576 +513 “4 +433 
21 565 0426 «350 300 241 
1.5 1.3 04195 0.983 0.925 0.86 0.814 0.774 
1.5 201 2959 1 82 
3 +409 “771 675 
5 440 619 +410 375 
11 437 -- 
2.0 1.2 0.142 0.989 0.931 0.871 0.821 0.781 
185 -978 -913 -798 757 
2 861 -691 63 
z 713 293 “535 483 
5 369 545 “144 306 
11 371 371 -- on 
0 1.2 131 0.98 0.916 0.852 0.800 0.758 
1.3 “366 818 722 
3 +270 -613 -498 «424 
5 -336 -238 -- 
4.0 1.1 0.076 0.994 0.934 0.874 0.8: 0. 
1.2 121 977 gh 
4.7 197 -567 523 
2 ll 612 +530 473 
3 2u -413 -297 . 
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was found to be only 1 to 2 per cent in the region of the charts 
which would normally be used, and it was concluded, in view 
of the approximation involved in the assumption of linear rate 
variation, that the numerical data, given in Table 1 and Fig. 5, 
are sufficiently accurate for engineering purposes, regardless of 
the number of tube passes. 

One result of the investigation into 1-2 exchangers was to show 
that the correction factors are somewhat higher when the shell 
fluid enters at the floating head end of the exchanger than they 
are when it enters at the opposite end, if the shell fluid is being 
cooled. This is in contrast to exchangers in which the tube- 
fluid film coefficient is variable and controlling, where it has been 
shown preferable to have the shell inlet at the stationary head 
end when the shell fluid is being cooled (4) and to exchangers 
with constant rate, in which it makes no difference which end of 
the shell is the inlet. These two correction-factor curves straddle 
the corresponding curve for mixed crossflow and the spread 
between them decreases as U;/U2 approaches unity. This 
difference must also decrease as the number of tube passes 
increases, since it disappears entirely when M = ©. An idea 
of the magnitude of the discrepancy between the correction 
factors for 1-2 exchangers and those for crossflow may be had 
from Table 2, which lists values for R = 0.2, 1.0, and 4.0 with 
U,/Us, = 5. The errors for smaller values of U;,/U2 are less. 


TABLE 2 COMPARISON OF CORRECTION FACTORS FOR 
CROSSFLOW AND 1-2 MULTIPASS EXCHANGERS 
U2 
Cross- Error, Error, 
R P flow 1-22 percent 1-26 per cent 
0.2 0.3 0.817 0.813 0.5 0.821 —0.5 
0.5 0.798 0.788 1.3 0.806 —1.0 
0.7 0.746 0.729 2.3¢ 0.790 —h.2¢ 
0.8 0.676 0.653 3.5¢ 0.778 —13.1¢ 
1.0 0.2 0.792 0.792 0.0 0.795 —O0.4 
0.3 0.753 0.753 0.0 0.762 —1.2 
0.4 0.693 0.687 0.9 0.705 —1.7 
0.5 0.561 0.552 1.6¢ 0.600 —8 .0¢ 
4.0 0.05 0.802 0.801 0.1 0.803 —0.1 
0.10 0.761 0.758 0.4 0.764 —0.4 
0.15 0.689 0.684 0.7 0.698 -1.3 
0.20 0.496 0.480 3.3¢ 0.523 -§.2¢ 


@ Shell fluid enters at stationary head end. 

b Shell fluid enters at Sensing head end. 

¢ U,/U2 = 5 is probably higher than any value which will be encountered; 
also, simultaneous low values of R and high values of P and U/l are 
impossible. Therefore, errors of these magnitudes will not occur in practice. 


Attention should also be called to the fact that the correction 
factors Fg do not approach unity as a maximum as they do for 
constant rate, but rather a value 


. [19] 


which, for all cases except U;/U2 = 1, is less than unity. 


OTHER MopEs OF VARIATION OF U Witn 7 


Inasmuch as the close correspondence between the correction 
factors for mixed crossflow exchangers and those for multipass 
exchangers has been observed to hold for a heat-transfer rate 
varying linearly with the shell-fluid temperature as well as for 
constant rate, it seems reasonable to assume that a similar corre- 
spondence would exist for other modes of variation of U with T. 
For mixed crossflow (M = ©), the temperature is given by 


and the mean rate - temperature difference product by 
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12) 


(UAL, = 
where 
t= (1 + Mz) 
It may be shown that 


so, from Equations [8] and [14] 


2RF In @ 


> +1 Uc 
2 1 

Obviously, a formal integration is possible for many laws of vari- 
ation of U with 7 besides the linear expression used in this paper. 
For example, if U can be represented by a second-degree equation 
in 7, the integrand in Equation [21] or [23] becomes a standard 
form which is found in most integral tables; the resulting expres- 
sion for Fg is rather unwieldy and is not suitable for graphical 
representation since it includes a fourth parameter involving 
another ratio of heat-transfer rates in addition to the three, 
P, R, and U,/Us2, previously used. 

Thus, should the need arise for a more accurate estimate of 
surface requirements than may be had by means of the assump- 
tion of linear rate variation, Equations [20] and [23], together 
with the table of correspondences between R, ¢, P, and F (Table 
1, first four columns), provide a means to this end. 

As previously stated, it is customary to evaluate the average 
heat-transfer film coefficients, and hence the average rate, at the 
arithmetic-average temperatures of the fluids. Obviously, the 
result obtained in this way will be the same as the arithmetic 
average of the inlet and outlet rates only when the rate variation 
is linear with temperature; therefore, there is some question as 
to which rate to use with the correction factors, Fg, when this 
law is not strictly followed. It will be conservative to use which- 
ever of the two values is the lower but more accurate to use the 
average between them. 


TUBE-SIDE CONTROLLING 


In an earlier paper (4) the author gave an approximate method 
for obtaining the mean temperature difference correction factor 
in 1-2 heat exchangers with the tube-fluid film controlling; in 
this, the ratio, K, of the average rate in the counterflow pass to 
that in the parallel-flow pass was used as the parameter measuring 
variation of heat-transfer rate. As explained in the section on 
mixed crossflow, Equation [7] of this paper gives a more accurate 
value for exchangers with many tube passes. Pending develop- 
ment of exact expressions for 1-2, 1-4, ete., exchangers these 
two methods can furnish estimates of the mean temperature 
difference when the tube-fluid film coefficient is variable and 
controlling. However, it is not to be expected that the results for 
this case will be independent of the number of tube passes per 
shell pass. 

When neither fluid film may properly be said to control, 
judicious interpolation between a value obtained from Table 1 
or Fig. 5, and one determined by the method of the preceding 
paragraph, should give a reasonably accurate result. 


ExcHANGErRS W1TH More THAN ONE SHELL Pass 


The extension of the results for single-pass exchangers to those 
with more than one shell pass when the rate is variable is by no 
means so simple as it is when the rate is constant (1, 6). The 


& 

2 U, 1 

U; U; 
2 2 

* 


GARDNER—VARIABLE HEAT-TRANSFER RATE CORRECTION IN MULTIPASS EXCHANGERS 37 


extent of the work involved is sufficient to warrant separate 
treatment and it has therefore been decided to make this the 
subject of a later paper. 


EXAMPLE AND COMPARISON W1TH PREVIOUS METHODS 


The use of the correction factors given in this paper is illus- 
trated in the following example: 

It is required to cool an oil in the shell of a multipass exchanger 
from 520 F to 220 F, while heating a light hydrocarbon liquid 
from 100 F to 200 F, thereby exchanging 7,000,000 Btu per hr. 
The sheli-inlet nozzle is located at the stationary head end of & 
the exchanger and the heat-transfer rate at this end is found to 
be 94 in the tube-inlet pass and 98 in the tube-outlet pass; clearly, 
the shell-fluid film controls, so an average value of (7; = 96 is 
taken. At the other end, U, = 32 and a further calculation for 
an oil temperature of 370 F gives a rate of 62. Since this is very 
near the value of 64 which would be expected for linear variation, 
the methods of this paper may be applied. The various parame- 
ters are evaluated thus 


520—220 
200—100 
200—100 
520—100 


= 3.0 


Aliog 204 F 


Then, from Fig. 5, Fg 0.665, and, using the rate at average 
temperature, 62, the surface requirement is 


7,000,000 


= - = 833 sq ft 
62 0.665 & 204 


If Colburn’s and Nagle’s charts were used for this case, the 
average rate would be computed at 320 F resulting in a value 
of 53. The mean temperature difference correction or R = 3.0 
and P = 0.238 is 0.855, so the surface would be 


7,000,000 


= = : = 
53 0.855 & 204 


An exchanger designed by Sieder and Tate’s method would 
therefore be about 10 per cent undersurfaced for these conditions. 
This is not serious, however, compared to the result obtained if 
no account is taken of rate variation, which would be 


7,000,000 
= — 647 sq ft 
62 0.855 204 


or an error of 29 per cent. 


SuMMARY 


1 For heat exchangers with a single shell pass and any even 
number of tube passes, in which the over-all heat-transfer 
coefficient U varies from one end of the exchanger to the other 
as a function of the shell fluid temperature 7’, only, expressions are 
derived for the mean rate-temperature difference product, 
(U At)m, in terms of a single variable. These expressions are 
integrated for the case of linear variation of U with T, and it is 
found that the results are practically the same regardless of the 
number of tube passes or the direction of flow of the shell fluid 
(Table 2). 

2 The results are presented in the form of correction factors 
Fg, by which the logarithmic counterflow mean temperature 
difference Aticg, and the arithmetic-average rate, Usvg, may be 


multiplied to obtain (U At)m. In any specific case, this factor 
is determined from a knowledge of the two parameters, P and 
R, which depend only upon the inlet and outlet temperatures, 
by entering Table 1 or Fig. 5 with the appropriate value of the 
ratio of inlet to outlet rate, U;/U>. 

3 An example of the use of these correction factors is given 
and a comparison made between the result which would be 
obtained without correction for rate and with that for the 
method of correction suggested by Sieder and Tate (11) based 
on Colburn’s (3) and Nagle’s (8) curves. For the example 
cited, the latter method underestimates the surface requirement 
by 10 per cent, and the former by 29 per cent. 
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Appendix 


The basic equations required to arrive at the results given in 
the present paper were given by the author in a previous paper 
on multipass exchangers with unbalanced tube passes (4) so their 
derivation will not be given here. For an exchanger such as 
that shown in Fig. 1, it was shown (see Equations [1, 9, 13, 15] 
of reference 4) 


dA a MR(A, + 
U,A,[M2? + (K + 1)(1 


A, )dz 


MR)z 


R(K +1)] 


dx —(Mz + 1)dz 


Mz?+ (K + 1)(1 — MR)z 


R(K + 1)° 
where 
K = U.A,/U,A, and R = we/WC = (7, - 


(T — T:) 


- T2)/( — th) 


These equations are valid only when the heat-transfer rate for 
all counterflow passes is the same at a given cross section, and the 
same is true for the parallel-flow passes. 

By assumptions 5 and 7, the heat-transfer rate in the counter- 
flow passes is the same as that in the parallel-flow passes at the 
same cross section and, by assumption 6, A, = A,; therefore, 
K = 1 and, replacing U, and U, by U’, where U is now considered 
a variable, Equations [24] and [25] become 


dA 2M Rdz 
we U[M2? + 2(1 


MR)z — 2R! 


de (Mz + )dz 


For any exchanger whatsoever 


won, — 79 
A 


(U At)m = 


so, from Equations [24a] and [27] 


z2 
U[Mz? + 2(1 — MR)z— 2R] 


In this, z, = (7, — T:)/(MT; — t, —t — ...t,). It is found 
that the unknown temperatures t,, ¢;, etc., may be eliminated 
from this expression in exactly the same way as for exchangers 
with constant rate (4), i.e. 


At) m = (28] 


> 
> 
de 
0.238 
| 
Bere 
25a 
] 
a | 


PR 

1... [29] 
M(1 — PR) — P 

where AUn 
RWC 

Equation [27] might also be written 

Up Alm = UmF Aticg = WC(T, —T:)/A......... [27a] 


where F is the mean temperature difference correction factor 
derived on the assumption of constant heat-transfer rate. Sub- 
stituting the value of Atioe and combining Equations [27a] and 


[30] 
1—P 
o= 1—PR [8] 


Since values of F, or equations for calculating them, are already 
available (2, 4, 8, 12), z: may be evaluated. Note that for 1-2 
exchangers (M = 1) 


To complete the information necessary to integrate Equation 
{1], an expression for 7 in terms of z is required. From Equa- 
tions [25a] and [26] 


0 
1 


where 6 is given by Equation [3]. 

It is interesting to observe that this result is entirely inde- 
pendent of the law of variation of heat-transfer rate with shell- 
fluid temperature. 

When the shell fluid enters at the other end of the exchanger, 
Equations [24a], [25a], and [26] become, respectively 


[34] 
Also, in place of Equations [28] and [29] 
(T, 
(U At)n = — 
y UlMy?— 20. + MR)y + 
PR 
[37] 


M 1 


The subscripts on y are taken in the same way as those on 7, 
so that when T = T;,y, = 0. When M = 1 


Finally, corresponding to Equation [32] 
T=T.+ [39] 
1 


where y is given by Equation 6. 
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Equations [27], [27a], [30] and [8] are valid for either case. 

(U At)» may be determined from Equations [28], [32], and [3], 
or [36], [39], and [6], by graphical integration or otherwise, for 
any law of variation of U with 7. In the following, the author 
has assumed with Colburn (3), that the variation in rate is linear 
with the shell-fluid temperature, so on this basis 


U, 6 


for exchangers with the shell fluid entering at the stationary head 


end, or 
U; 


for those where it enters at the other end. Substitution of 
Equation [40] into Equation [28], or Equation [41] into Fqua- 
tion [36] gives Equations [1] and [4], respectively. 

Sherwood and Reed (10) describe a method of numerical 
integration due to Gauss which, in effect, fits an nth-degree 
equation to the actual function between the limits of integration 
by the use of only (n + 1)/2 points. The author finds that four 
points give accuracy comparable to graphical integration in the 
present case so the following general expression has been used 
throughout 


f(v)dv = 0.3261 [f(0.33 v) + f(0.67 v)] + 0.1739 
0 


[f(0.06945 v) + £(0.93055 ») {42 | 
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Experimental Confirmation of Predicted 
Water-Freezing Rates 


By R. A. SEBAN' anv A. L. LONDON? 


A general approximate method for the solution of the 
freezing problem, with applications to ice formation at 
spherical, cylindrical, and plane boundaries, has been pre- 
sented in a previous paper (1). Numerical examples 
therein, applying the analysis to similar systems for which 
test data were available, indicated good agreement be- 
tween prediction and test results. Test data on an actual 
system closely analogous to an ideal one of the analysis 
are presented in the present paper, and the agreement 
with the predicted values validates the approximations of 
the analysis. Measurements of times of complete freez- 
ing in food products of high water content indicate 
applicability of the analysis, although with less accuracy 
than in the case of pure water. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


ice unit thermal capacity, Btu per lb per deg F 

unit thermal conductance to surroundings at temperature 
to (below the freezing point), Btu per sq ft per deg F 
per hr 

unit thermal conductivity of ice, Btu per sq ft per deg F 
per ft per hr 

length of substance contained in test cylinders, ft. 
scripts i for ice, w for water 

latent heat of fusien of ice, Btu per lb 

weight fraction of water contained in food substances, 
Ib/Ib 

radial position of growing ice surface (sphere or cylinder), 
ft 

temperature of surroundings (freezing point datum), deg F 

position of growing ice surface (slab), ft 

half-thickness of ‘“‘double-slab,”’ ft 

density, Ib per cu ft. Subscripts, none for ice, w for 
water, s for substance having water content m. 

time, hr 


Sub- 


Dimensionless moduli: 


r* = r/ro, a generalized radial position employed for cylinder 
and sphere problems 


generalized surface resistance 
r* = | —— ]r, generalized time employed in cylinder and 
sphere problems; for “double slab,” the form is similar 
with ro = 2% 
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z* = 2/x%, generalized position employed in “double-slab”’ 


problem 


INTRODUCTION 


A simplified analysis for the determination of the rate of freez- 
ing at a boundary, in which the liquid phase was assumed at the 
freezing temperature, has been previously presented (1). 

Application of this analysis to the problem of freezing at cy- 
lindrical, spherical, and plane boundaries, with a unit thermal 
resistance, 1/ho, between the boundary and the coolant, led to 
results expressing time required for the formation of a given 
thickness of frozen material. For inward freezing from the 
boundary of a right circular cylinder, the result is of the form 


= er + 4 a — r*?) 


For inward freezing from a spherical boundary, the result is 
of the form 


For inward freezing from both surfaces of a slab of infinite 
lateral extent and of thickness 22, the result is of the form 


* 1 * 
T 


The symbols having the asterisk superscript represent dimen- 
sionless moduli, which are defined as follows: 
= 
pLr,? 
hora 


Generalized thermal resistance, R* = — — 


Generalized time, 


Generalized growing ice surface position, r* 


The slab, cylinder, and sphere systems are indicated in Fig. 1. 

The time for complete solidification of the volunmres within 
these boundaries may be obtained by making the term 7* (or z*), 
in the foregoing equations, equal to zero. Thus the following 
equations are obtained 


For the cylinder 


For the sphere 


T* = - 


3 


For the “‘double”’ slab 
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The times of complete freezing for the cylinder and sphere are, 
respectively, one half and one third the time of complete freezing 
for a slab having a thickness 22) equal to the diameter of the 
cylinder or sphere. 

To indicate the variation of freezing time with conditions of 
freezing, Equation [6] is placed in dimensional form as Equation 


[7] 
k 1 


FOR CYLINDER AND 


SPHERE = 
fis me X 
[= 
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Fig. 1 Time oF Complete FREEZING oF “‘DouBLE” Ick 


(For formation of a cylindrical ice surface, substitute ro for zo and multiply 
ordinate values by !/2: for a spherical surface, substitute similarly and multi- 
ply ordinate values by '/3.) 


The factor p represents the density of the frozen material, and 
in the case of the freezing of water, it is the density of ice. When 
the water is contained in another substance, such as foodstuffs, 
all the water so contained will be frozen, and p represents the 
density of the water frozen per cubic foot of region frozen. The 
product of the density of the material containing the water 
p,, and the weight percentage of water contained m, may be sub- 
stituted for p in Equation [7]. This procedure has been justified 
by Woolrich (4), for the calculation of the latent heat of food- 
stuffs and has been found applicable, in this analysis, for systems 
of high water content. Equation [7], with this substitution, be- 
comes 
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Fig. 1 reveals Equation [7] evaluated for magnitudes x = 
1/,, 1/4, and '/2 in., for the freezing of pure water, with a cooling- 
fluid temperature of 0 deg F (t = ~—-32). The factor —to/32 
applied to the ordinate enables the evaluation of the freezing 
time for different coolant temperatures. 

The rapid approach of the time of complete freezing to a mag- 
nitude typical of that indicated for infinite surface conductance 
indicates, for the slab sizes considered, that increases in the freez- 
ing rate become small once conductances of about 100 Btu per 
sq ft per deg F per hr are obtained. 

To test the validity of the analysis leading to the foregoing 
results, particularly in regard to the assumption of uniform inward 
freezing and neglect of the thermal capacity of ice, measurements 


> 
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Fig. Data For SINGLE CYLINDERS 
GD\o# 

= 0.32(— 

Ge 


from McAdams’ recommended equation. Curve B, magnitudes from pre- 
vious wind-tunnel tests.) 


(Cylinder diameters indicated on curves. Curve A 


have been made on the freezing of water contained in right cir- 
cular cylinders. 

T> demonstrate the applicability of this analysis to the freezing 
of food products, measured times for complete freezing of some 
vegetables have been compared to times predicted by the analy- 
sis. 

The object of this paper is the presentation of these results. 
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Fig. 2. Winp TUNNEL AND REFRIGERATION ENCLOSURE 
(a, Top view with cover removed; b, vertical section.) 
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APPARATUS 


All test specimens were cooled by introduction of the speci- 
mens into the air stream of a small (8-in. X 8-in. flow cross 
section) refrigerated wind tunnel. The arrangement of the tun- 
nel within its cooled enclosure is revealed in Figs. 2(a), 2(5), 
which show the composition of the apparatus. Refrigeration 
was provided by a compressor unit of approximately '/;-ton rat- 
ing. To prevent cycling and thereby insure the maintenance of 
constant air temperature in the tunnel at the desired operating 
conditions, the difference between evaporator energy absorption 
rate and the heat transfer into the enclosure was provided by an 
electric heater having a variable input control. The average 
energy input from cooling the specimens was so small as to be 
negligible. 

Air velocities of 36, 31.3, 22.5, and 14.5 fps were made availa- 
ble by the use of orifice plates to throttle the discharge of the 
constant-speed blower. Velocities corresponding to particular 
orifices were determined by 24-point pitot-tube traverses of the 
duct at the test section. These traverses reveuled the velocity 
to be uniform over the section within 4 per cent of the average 
magnitudes. 

At the test section, a wooden plate covered a 6-in.  12-in. 
opening in the top of the duct. Test specimens were suspended 
from or introduced into the air stream through this plate. 

During the incomplete freezing runs, air-stream temperatures 
were determined by a copper-constantan thermocouple having an 
iced reference junction. In the complete freezing runs, air- 
stream temperatures were obtained by observation of a mercury- 
in-glass thermometer at the beginning and the end of the test 
period. The temperatures of the specimens were obtained by 
copper-constantan or iron-constantan thermocouples having an 
air-stream reference. 
mained constant within +1/4 deg F. 


ConpDUCTANCE DATA 


For the tests on water cylinders, conductance data of greater 
accuracy than that available from the various empirical relation- 
ships normally quoted in the literature were desired. Therefore, 
solid copper cylinders of the same diameter as the cylindrical 
copper containers employed for the freezing tests were fabricated 
and the unit thermal conductances for them were obtained by 
the transient method (2). Conductances were obtained for 1- 
in. and for 5/s-in-diam cylinders, singly and in a staggered 
arrangement typical of the water-freezing tests, for air velocities 
of 36, 22.6, and 14.5 fps. Fig. 3 shows these data for single cyl- 
inders, and a comparison with the values recommended by Mc- 
Adams (3). A size effect is indicated, and a '/.-in-diam solid cyl- 
inder was also tested to examine its character further. This effect 
cannot be directly attributed to the finite width of the flow 
stream and it has been noted previously in tests made in a free 
jet (2). 

INCOMPLETE FREEZING OF WATER CYLINDERS 


Tests to validate the analysis were made for the incomplete 
freezing of water contained in 1-in-OD and 5/s-in-OD copper 
cylinders. (Although the diameter of the water cylinders frozen 
corresponds to the inside diameter of these cylinders, reference 
to the tests will be made in terms of the 1-in. and °/s-in. con- 
tainer outside diameters.) Details of these cylindrical contain- 
ers are shown in Fig. 4 (a). Equation [1] predicts the freezing 
behavior of the water contained in the cylinders. 

In making the test, the test cylinder and two dummy cyl- 
inders were arranged in the duct in the positions shown in Fig. 
4(b). Locations B or C were used for the test cylinder since 
essentially equal conductance conditions were available at these 
points. 


During a run the air temperature re- 


The determination of term r*, the ratio of the radius of the 
water-ice interface to the radius of the container, was made gravi- 
metrically. The procedure justifying such measurement is in- 
dicated in the following development 


Mass of the ice = xpl; (ro? — r?) 


Ss 


Original mass of water, rp,l,ro?> = M,...... {10) 


from Equation [9} 


The factor p,,/p has a magnitude of*1/0.92. Assumption of 
equal densities for ice and for water produces an error of 8 per 
cent in r*? and of 4 per cent in r*. This assumption was made 
and the error retained, for, in combination with an assumption 
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hig. 4 Test-Cytinper aND ARRANGEMENT OF CYLINDERS 
IN Duet 
(Dimensions: 1-in. cylinders — ID = 0.932 in., OD = 1.002 in., mass = 
86.7 g. °/s-in. cylinders — ID = 0.556 in., OD = 0.625in., mass = 51.7 g.) 


of Ladi; equal to unity, the effect of the change in volume due to 
the change in phase was neglected and the error assumed in con- 
sidering p,,/p equal to unity partially compensated. 

In making the freezing tests, the cylinder to be tested was pre- 
cooled, then filled with ice water, weighed, and immediately 
placed in the tunnel, at which instant timing was begun. At 
the completion of the desired cooling period, as indicated by the 
stop watch used for timing, the cylinder was removed, drained 
of unfrozen water, and again weighed. 

These experimental magnitudes were compared to the predic- 
tion from Equation [1], in which the dimensionless terms were 
evaluated from the conductance hy (the product of the experi- 
mentally evaluated conductance for the solid test cylinder and 


TABLE 1 THERMAL PROPERTIES OF ICE 


Unit heat capacity, c, Btu/(deg F Ib) 0.487 
Thermal conductivity, &, Btu/(hr ft? deg F/ft)................... 1.34 
Latent heat of fusion (at 32deg F), L, Btu per lb................. 143.4 


2 2 M; 
and by a division by ro? and a substitution from Equation [10] | a gl 
4 
re M, pl; 
TOP 
: 
: 


| 
| 


JT TIME wm 
Fic. 5 Test ror INCOMPLETE FREEZING 


(1-in. cylinder at 31.3 fps air velocity: —te = 33.9 deg F (below freezing) ; 
ho = 21.6 Btu per (hr ft? deg F); ro = 0.466 in.) 


Fic.6 Test Resttts ror INCOMPLETE FREEZING; 1-IN. CYLINDER 


V ho (at re = 0.466 in.) R* 
14.5 13.3 0.386 
22.6 17.1 0.495 
36.0 22.6 0.655 
10 
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V he (atro = 0.278 in.) R* 


14.5 14.7 0.255 
22.6 19.0 0.329 
36.0 24.5 0.421 
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the ratio of the radii of the frozen material and conductance test 
cylinders), the measured cylinder radius ro, and the physical 
properties of ice as indicated in Table 1. Fig. 5 shows a graphical 
comparison of the test data with predicted magnitudes for the 
l-in. cylinder at one of the air velocities used. 

To consolidate presentation of the data, the test values for the 
remaining runs have been evaluated in terms of 7* versus 7* and 
these values are compared with those predicted from Equation 
{1] for the values of R*, corresponding to test conditions. Fig. 
6 gives data for the 1-in-diam cylinder, and Fig. 7, for the §/s-in- 
diam cylinder, in comparison to the curves representing the pre- 
dicted values. 

The majority of the experimental points are within 5 per cent 
of the predicted magnitudes and few exhibit deviations of greater 
than 10 per cent, and this is regarded to be an adequate check of 
the analysis. Consideration of the experimental error indicates 
the following possible discrepancies in the test measurements: 


(a) Air temperature, '/, deg F, or about 0.8 per cent of the 
measured magnitudes of —to. 

(6) Unit thermal conductance ho, about 2 per cent, since these 
were determined for the test positions. 

(c) Radius ratio, less than 3 per cent, as already indicated, 
although there existed a possibility of small additional error due 
to fusion in the time between the removal of the specimen from 
the duct and the final weighing. 


The measured freezing time contains an error produced by the 
thermal capacity of the copper container. The effect of this 
capacity may be approximated by considering it as lumped at the 
outer surface (radius ro) of the ice layer and then employing 
the considerations of the previous paper (1). This procedure 
reveals that the maximum error is less than 1.5 per cent and that 
the maximum error occurs at the beginning of freezing. The 
error decreases thereafter. The capacity of the copper cylinder 
per unit transfer area is similar for both cylinders and so the error 
is similar for both. 

In combination, these estimated experimental errors lead to an 
expected error of 5 to 7 per cent in the evaluation of r* as a func- 
tion of r* from the experimental data. The computed results 
are of this order of accuracy and, consequently, the combined 
action of nonuniform freezing and neglect of the thermal ca- 
pacity of the ice in contributing to the deviation of actual from 
predicted results are of no greater significance than the mag- 
nitude of the indicated error. 


CoMPLETE FREEZING Tests; WATER 


The method of test used for the partial freezing determination 
is not applicable to systems in which the unfrozen water is not 
separable from the ice. Foods are such systems, and it was de- 
sired in particular to examine the‘applicability of the analysis to 
the prediction of the freezing times of food products. For such 
systems measurements of the center temperature as a function 
of the time served to indicate the time of complete freezing by a 
break in the temperature-time curve. 


TABLE2 TIMES OF FOR WATER CYLIN- 


Cylinder Air Number Times Error, 
diameter, velocity, of runs Actual, Predicted, per 
in, fps averaged min min cent 
1 36.0 3 17.8 19.1 —- 7.3 
22.5 3 22.3 23.4 —- 4.9 
14.5 3 26.0 28.8 +10.8 
5/s 36.0 1 9.0 8.9 - 3.3 . 
22.5 4 10.8 10.9 - 0.9 
14.5 2 12.9 14.0 + 8.5 


Norse: The experimental times are corrected to an air temperature of 0 


deg F. 
“the error of any one of runs was within 2 per cent of error of averaged 
runs. 
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TABLE 3 FREEZING TIMES OF FOODSTUFFS 


Per cent 
water,> Density,° 
Foodstuff Geometry m ps 
I-in-diam cylinder 88 61 
Cucumber................. 1.2-in-diam cylinder 96 62 
1.2-in-diam cylinder 94 62 
2.4-in-diam sphere 95 62 


Freezing Air——-—-~ -—Freezing time— 
temperature, Velocity, Temperature, Actual, Predicted, Error, 
deg F fps deg F ho min min per cent 
29.5 35.9 -1 18.7 18.5 21.7 17 
30 35.9 —4.3 17.6 24.5 28.0 14 
30 35.9 —4 17.6 25.0 27.8 11 
31 35.9 —4 15.1 56.5 50.0 11 


a All cylindrical specimens were approximately 4in. long. The carrot was pared so as to make a 1 in-diam cylinder, The other vegetables were tested as 
obtained, and the dimensions given were those assumed at the thermocouple section. 


b Reference (4). 
¢ Carrot measured, others estimated. 
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CYLINDERS AND FoopsTuUFFSs 
(Air temperatures are indicated on curves. Air velocity, 36 fps.) 


To investigate the applicability of this technique, experiments 
were first made on pure water, using the same two cylinders em- 
ployed in the partial freezing tests. A spacer and stiffening 
wire were used for the copper-constantan thermocouple in the 
l-in. cylinder but for the °/.-in. cylinder these were discarded be- 
cause of space limitations and iron-constantan thermocouples 
adopted because of the greater rigidity of this wire combination. 
A gage was used to orient the couple, and the thermocouple posi- 
tion was within !/\5 in. of the cylinder axis. 

A typical temperature-time history for the center position of a 
pure-water cylinder is indicated in Fig. 8. The initial tempera- 
ture is above the freezing point by several degrees, since some 
heating occurred during the transfer of the cylinder into the test 
duct. This effect is small, and freezing of the water at the cylin- 
der walls begins almost immediately after the beginning of the 
timing period. Complete freezing is denoted by the break in 
the curve at point A, indicating the freezing of the fluid at the 
thermocouple position, after which ice subcooling occurs. 

Freezing times so obtained are compared with times predicted 
by the analysis in Table 2. Agreement between experimental 
and predicted values is within 10 per cent and this was regarded 
as a satisfactory check of the analytically predicted magnitudes 
and served to establish the technique for use in the determination 
of the time of complete freezing. 


FREEZING OF Foops 


Freezing times were obtained for various vegetables by taking 
temperature-time histories in a similar manner. A carrot, rhu- 
barb, cucumber, and tomato were tested. Temperature meas- 
urements were made by means of an iron-constantan thermo- 
couple inserted into the vegetable in as nearly a central location 
as possible. 

Fig. 8 and Table 3 present the results of these tests. The 
freezing curves for the vegetables differ in form from those for 


pure water because of the effect of the solution constituting the 
liquid phase of the foods. The lowering of the initial freezing 
point is indicated. Further, there is a progressive reduction of 
the freezing point as the freezing progresses and increases the 
concentration of the solution. This effect makes the break in 
the freezing curve less sharp and so the determination of the 
time of “complete” freezing less accurate. This time, as meas- 
ured, was defined as the point indicated by the intersection of the 
relatively straight portions of the freezing curve before and after 
the marked change in slope. In addition to this effect in the 
experimental freezing time, deviation between the test and pre- 
dicted freezing times is due to geometrical irregularities in the 
specimens and to uncertainty regarding magnitudes of thermal 
conductances and food properties necessary to the calculation 
of the predicted freezing time. 

For the carrot, cucumber, and rhubarb, unit thermal conduct- 
ances were taken as for single cylinders, using data as obtained 
experimentally in the tunnel. The magnitudes of the experi- 
mental conductances were changed to appiy to the average di- 
ameter of the food. Since the cucumber and rhubarb were 
tested as obtained and were consequently irregular in section, 
the conductance as evaluated was only an approximation. The 
carrot was pared to cylindrical form and for it the conductance 
could be used with more confidence. For the tomato, the unit 
thermal conductance was evaluated as for a sphere (2). 

Thermal conductivities were taken as for pure ice, since the 
water content of the vegetables tested was high and so the major 
portion of the heat-conduction path through the frozen region 
would be through ice. Further, the conductivity of the re- 
maining material probably does not differ materially from that 
of ice. 

The product of the latent heat of fusion and the density of the 
material frozen was evaluated as mp,L, as suggested by Wool- 
rich (4). 

The value of the radius ro, from the thermocouple to the out- 
side of the presumed circular section, was an average for the 
actually irregular section tested. _ 

The results of the food-freezing tests indicate that the approxi- 
mate analysis presented may be used to predict freezing times 
with fair approximation. The major uncertainty appears in the 
thermal-conductivity magnitude to be employed in making the 
prediction, particularly in those cases where the water content of 
the food to be frozen may be small. 


CONCLUSIONS 


1 The experimental results for times for complete freezing of 
water cylinders check values as predicted from the approximate 
analysis previously presented. The error of this check is within 
the limit of the error of the experimental apparatus and technique 
employed in securing the data. 

2 Application of the approximate analysis to the prediction of 
the times of complete freezing of vegetables of high water content 
indicates agreement between experimental and predicted results 
which is within the limits of accuracy which obtain for available 
heat-transfer data and for the physical constants for the sub- 
stances involved. 
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Investigation of Friction and Wear Under 
Quasi-Hydrodynamic Conditions 


By R. G. LARSEN! anv G. L. PERRY! 


A laboratory study has been made of the factors which 
influence friction and wear by additive-containing mineral 
oils under conditions intermediate bet ween those of hydro- 
dynamic and true boundary lubrication. The concentra- 
tion of a number of sulphur and phosphorus compounds 
required for minimum wear varies over a wide range. 
The minimum effective concentration is determined by 
the presence in the molecule of acidic groups which con- 
centrate the additive at the wearing surfaces. Organic 
acids were the only polar substances found which lead to 
an appreciable reduction in friction. This is believed to 
be related to their ability to react with the metal surface. 
Marked simultaneous reduction of friction and wear was 
not achieved by using a combination of an antiwear and 
an antifriction agent. Under the conditions of these experi- 
ments it appears that wear is predominantly a corrosion 
process. 


INTRODUCTION 


[ i DER conditions of hydrodynamic lubrication moving 
parts are completely separated by a film of oil. The 
thickness of this film depends entirely upon the viscosity 

of the oil, the sliding velocity, and the load. The coefficient of 

friction under such conditions increases linearly with ZN/P, the 


product of viscosity and velocity divided by the pressure, as 


illustrated in Fig. 1 (right-hand branch of the curve). Here 
proper viscosity is the primary requirement of the oil. 

With decreasing values of ZN/P, the coefficient of friction 
passes through a minimum value and then rises rather steeply. 
This region has generally been regarded as the beginning of 
boundary lubrication, i.e., where the oil film breaks down per- 
mitting metal-to-metal contact, high friction, and wear. Vis- 
cosity of the oil is no longer its predominant characteristic; 
“oiliness” and “‘film strength’ are the terms commonly used to 
designate the rather elusive properties of oils which improve lubri- 
cation under boundary conditions. 

In a recent series of articles, Beeck?:*}* and others of these 
laboratories have presented the concept of ‘‘quasi-hydrodynamic 
lubrication.” They define true boundary lubrication more 
stringently than heretofore, considering that it is a condition in 
which the coefficient of friction is entirely independent of vis- 
cosity and of sliding velocity. This condition is represented by 
the left-hand horizontal portion of the curve in Fig. 1. Between 
this portion of the curve and that for hydrodynamic lubrication 


1 Shell Development Company, Emeryville, Calif. 
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O. J. Grummitt, editors, Interscience Publishers, Inc., New York, 
N. Y., 1943, pp. 265-291. 
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presented at the Semi-Annual Meeting, Pittsburgh, Pa., June 19-22, 
1944, of Tue AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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is a transition region in which lubrication is called partial bound- 
ary or quasi-hydrodynamic. Their experiments showed that 
the velocity at which this transition occurs could be reduced 
by the addition to oils of substances such as acids and ketones 
which lead to the formation of built-up films on the surface of 
the metals. These materials induce what may be called a 
“wedging effect,” i.e., they aid in carrying a film of lubricant 
between rubbing surfaces. 

The strongest evidence for the existence of the quasi-hydro- 
dynamic region, aside from the variation in the coefficient of 
friction, was obtained by a study of the electrical resistance 
between moving parts. Under true boundary conditions resist- 
ance was low, of the order of a few ohms. Above a critical 
velocity, resistance became very high, over 10,000 ohms, al- 
though true hydrodynamic conditions had not yet been reached. 
It was concluded that the metal surfaces were being separated 
by a film of lubricant under conditions of load and speed where 
it is normally considered that the film of lubricant has been 
squeezed out. “Oiliness’’ may be associated with the ability 
of the lubricant to induce this Guasi-hydrodynamic state. 

The experiments just described were made to obtain a better 
understanding of physical phenomena involved in lubrication. 
The conditions of speed and temperature chosen to serve these 
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Fig. 1 Friction as A FUNCTION OF PRESSURE, VELOCITY, AND 
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ends were not, however, as severe as those encountered in many 
applications, and the study was not intended to furnish direct 
answers to practical problems. In fact, most of the classical 
studies of lubrication have been made under conditions quite 
different from those occurring in actual practice. In the present 
studies, an attempt has been made to clarify the relation between 
friction and wear under conditions more closely approximating 
those in actual machinery. It is realized, however, that the re- 
sults obtained still fall short in that no formulas are put forward 
that are directly applicable in service. Also, there are many 
factors that must be taken into account in practice apart from 
friction and wear. It is hoped that the following discussion will 
clarify some part of existing practical experience. 


DESCRIPTION OF APPARATUS AND Its APPLICATION TO STUDY OF 
WEAR 


The machine which has been used in the present study, and 
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which is called the “four-ball wear machine,” is an adaptation 
of the “four-ball machine”’ originally described by G. D. Boer- 
lage.6 This type of machine was chosen because the area of 
contact of the rubbing surfaces is geometrically well defined; 
hence actual pressures are known, and also because the test 
pieces (grade 1, !/:in. hard-steel balls) are reproducible, inex- 
pensive, and convenient to use. 

The arrangement of the four-ball unit is shown in Fig. 2, 
where it is seen that provision is made for heating the oil cup 
(capacity about 10 ml) and measuring the temperature. The 
ball holder is mounted on a self-centering thrust bearing; friction 
is measured by the magnitude of the force required to counteract 
the frictional torque. Wear is measured in terms of the average 
diameter of the scars worn in the lower stationary balls by the 
upper rotating balls. A low-power micrometer microscope is 
used for this measurement. Fig. 3 shows the complete machine 
containing six individual units, and including the meters for 
measuring the voltage to the heaters, the millivoltmeter for the 
thermocouples, and the loading arrangement. 

Operation of the four-ball wear machine at loads below those 
producing seizure leads to a measurable amount of wear. In ex- 
periments where wear is of greatest interest and friction secondary, 


“Four-Ball Testing Apparatus for Extreme-Pressure Lubri- 
cants,”” by G. D. Boerlage. Engineering, vol. 136, July 14, 1933, pp. 
46-47. 
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wear with various lubricants is determined in tests run at 
a given load and temperature, usually for a period of 2hrs. As a 
rule, tests were made at 700 rpm, but experiments throughout 
the range from 250 to 4000 rpm gave qualitatively similar re- 
sults, 

Fig. 4 illustrates the use of the apparatus for determining varia- 
tion of wear with load. The two upper curves show the wear 
with two undoped mineral oils of widely different character. 
The lower wear afforded by the 120-grade aircraft oil in the range of 
low loads is in agreement with the observation that, in a labora- 
tory test engine, this oil ordinarily does not permit appreciable 
wear, although the S.A.E. 20 grade motor oil does so. The differ- 
ence in the ability of these two oils to reduce wear in the four-ball 
test is believed due to differences in their chemical composition 
rather than to differences in their viscosity. 
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SCAR DIAMETER, MM. 


CONCENTRATION (% WT OF PHOSPHORUS, SULFUR OR CHLORINE ) 


Fig. 5 


Variation or Wear With Concentration or Various Appitives IN 8.A.E. 20 Grape Minera Ou 


(Average results from two or more 2-hr tests at 700 rpm, 7 kg load, and at 130 C.) 


Sulphurized sperm oil in mineral oil is used as a mild extreme- 
pressure lubricant, i.e., to prevent scuffing under moderate condi- 
tions of load. The experiments show it to be mildly effective 
in reducing wear. Tricresyl phosphate, which is sometimes used 
as an antiwear agent, is seen to be very effective in the low-load 
range. 

Although, as these data show, the machine differentiates be- 
tween various lubricants, the question of relating such differences 
to practice depends, of course, upon secondary factors related 
to the conditions of service. Thus it has been found that in 
certain instances tricresyl phosphate increases rather than de- 
creases wear. 

The curves in Fig. 5 illustrate the usefulness of the four-ball 
wear machine in determining the concentration of an additive 
most effective in reducing wear. Two interesting facts appear, 
illustrated particularly well by the group of sulphur compounds: 
(1) The minimum wear obtained with all the compounds of 
sulphur is approximately the same; (2) the concentration of 
added sulphur required to produce this minimum wear is different. 
for each sulphur compound. For example, approximately 1000 
times as much sulphur is required to give this minimum wear 
when added to the oil in the form of dilauryl disulphide as when 
added in the form of alpha-mercaptolauric acid. The principal 
difference in effectiveness between these two compounds can be 
explained on the assumption that the acid is very strongly ad- 
sorbed on the metal] surface and thus creates an effective concen- 
tration of sulphur, the antiwear element, at the metal surface, 
while the disulphide molecule on the other hand, which cannot 
combine chemically with the metal surface, is much less strongly 
adsorbed. Sulphurized sperm oil, which being an ester is highly 
polar, may be concentrated at the surface but to a lesser extent 
than is the acid; as shown by the curves, it is less effective than 
the acid but more effective than the disulphide. 

In the case of the phosphorus compounds, an analogous situa- 
tion prevails. Minimum wear for all the phosphorus compounds 
is the same but lower than that for the sulphur compounds. 
Soybean lecithin and dilauryl phosphate both contain an 
acidic hydrogen atom and are adsorbed at the surface in high 
concentration, while the less strongly adsorbed phosphate ester 
must be used in a much higher concentration to produce the same 
effective concentration of phosphorus at the wearing surface. 

Compounds containing chlorine exhibit only very mild antiwear 
action under the conditions of load and temperature used in these 
tests, as shown by the relatively high values of minimum wear. 


The dichlorostearic acid is much more effective than the cor- 
responding ester, again indicating the effect of acidic groups in 
concentrating the additive at the surface 


Srupy or Friction at PRESSURES 


During a wear test, the coefficient of friction often varies. 
This variation is thought to be due primarily to the change in 
pressure as wear proceeds. Hence the average coefficient of 
friction, determined in an ordinary test, on a lubricant permitting 
low wear, is not comparable with that for a lubricant permit- 
ting high wear. To circumvent this difficulty, a procedure was 
developed which permits determination of the coefficient of 
friction at a number of different pressures as follows: 

Balls are prepared with surfaces (wear scars) of various sizes 
by running with an undoped mineral oil for several periods of 
time, such as 1, 5, 15, 30, 60, and 120 min (see the curve for 
mineral oil in Fig. 6). If a smaller number of points is desired, 
the 1, 30, and 120-min scars are sufficient. After formation 
of the wear scar, the undoped oil is emptied from the ball holders 
and replaced with the lubricant to be tested, the diameter of the 
scars having been measured without removing the balls from 
the holder. The machine is then run under standard conditions 
until the coefficient of friction has reached a constant value. 
About 30 min is usually ample and has been adopted as standard. 
The coefficient of friction at the end of the 30-min period is taken 
as the value corresponding to the final scar diameter or pressure. 

In Fig. 6, it is seen that the smallest scar diameter (1-min 
operation in the first step) is about 0.25 mm, corresponding to a 
pressure of about 90,000 psi. During the subsequent 30-min 
period, the usual wear occurs, thereby increasing the diameter 
and decreasing the pressure. The increase is, of course, the least. 
for the large scars. Therefore, the most sensitive measure of 
wear obtained in these “friction tests” is the final diameter of 
the scar of the smallest initial size. In Figs. 6 and 7, the increase 
in scar diameter or wear is indicated by the horizontal distance 
from the 0.25-mm ordinate to ‘the first point on the friction- 
pressure curve. In Fig. 6, this wear is represented by the length 
of the arrows. It is seen that tricresyl phosphate gives very 
low wear but also gives very little reduction in friction. Palm 
oil permits moderate wear to occur but gives a very substantial 
reduction in friction, especially at high pressures. Ten per cent 
of oleic acid in mineral oil leads to still higher wear but, in the 
low-pressure range, produces an even greater reduction in fric- 
tion. 
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The Ideal Lubricant. It should be possible to evaluate lubri- 
cants in respect to their chief functions, reduction of friction and 
wear, by the use of data such as those represented in Fig. 6. 
It may be seen from this figure that friction, and its variation 
with pressure, are fairly independent of wear, and therefore 
all three must be taken into account. Accordingly, an ideal 
lubricant from the standpoint of friction and wear is one which 
permits the lowest friction and wear at all pressures, particularly 
the highest. From this viewpoint none of the lubricants rep- 
resented in the figure is ideal. 

Types of Compounds Most Effective in Reducing Friction. The 
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best friction-reducing additives for mineral oil are generally con- 
sidered to be polar organic molecules (esters, including glycerides, 
acids, ketones, lactones, ete.) containing long hydrocarbon chains. 
The relative effectiveness of various types of compounds in re- 
ducing the coefficient of friction under the conditions of these 
experiments is shown in Fig. 7. Although none of the compounds 
listed was very effective in reducing the coefficient of friction 
at high pressures, several were effective at low pressures. The 
compounds which gave the greatest reduction in friction at low 
pressures are all of one type, free fatty acids. Salts, esters, 
ketones (and a variety of other compounds not listed in the 
figure such as amines, amides, and alcohols) were comparatively 
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ineffective in reducing friction under the test conditions, although 
many, such as lead naphthenate and tricresyl phosphate, were 
effective in reducing wear. 

Fig. 7 shows that not even all of the fatty acids were particu- 
larly effective in reducing friction in low concentration; thus, 
stearic and elaidic acids were very much less effective than U.S.P. 
oleic, undecylenic, and the acids (principally ricinoleic) obtained 
from castor oil. However, stearic acid reduces the coefficient of 
friction to approximately the same low value as does the U.S.P. 
grade oleic acid if used in sufficiently high concentration. This is 
illustrated in Fig. 8, in which values of the coefficient of friction, ob- 
tained with a variety of fatty acids dissolved in mineral oil, are 
plotted against the concentration of acid. The data of Fig. 8 are 
all for the same scar diameter (0.6 mm) and were read from curves 
similar to those in Figs. 6 and 7. The curves, drawn in Fig. 8, 
are for the most part based on meager data and are to an extent 
rationalizations rather than true representation of experimental 
fact. There can be no question, however, of the transition 
from high to low friction as concentration of the fatty acids is 
increased. 

The principal points illustrated in Figs. 6, 7, and 8 may be sum- 
marized as follows: 

1 Low coefficients of friction, i.e., values below about 0.07, 
are obtained only with acids. 

2 The acids of lower molecular weight (short chain), such as 
lauric and heptylic, are effective at lower concentrations than 
those of high molecular weight (long chain), such as stearic acid. 

3. The simple fatty acids are not as effective in reducing fric- 
tion as are those with double bonds, hydroxyl groups, ete., in 
the hydrocarbon portion of the molecule. 

Mechanism of Reduction of Friction. Under conditions of 
quasi-hydrodynamic lubrication, it is essential that very tena- 
cious lubricant films be formed on the metal surfaces, if highly 
loaded metal parts are to be kept separated even to a slight 
extent. Films bound to metal by comparatively weak forces 
(either those between polar molecules or those of the van der 
Waals type, i.e., the only forces which are likely to exist between 
a metal and compounds such as salts, esters, alcohols, etc.) 
are apparently too unstable to function under the conditions of 
these experiments. With acids, however, there is the possibility 
of reaction with the metal surface and formation of a layer of 
molecules bound to the metal by much stronger chemical bonds. 

However, it is well established that a single layer of fatty-acid 
molecules adsorbed on each of the rubbing surfaces would not 
account for the low friction observed. Measurements®?* of the 
coefficient of friction between surfaces separated by built-up 
films of one or more molecular layers show that coefficients much 
less than 0.1 are obtained only with multilayer films. Films of 
acids such as oleic, undecylenic, and ricinoleic must either be 
thicker, more stable, or formed more rapidly than those of simple, 
saturated, straight-chain acids. The especial effectiveness of 
acids which contain hydroxyl groups, ete., in the hydrocarbon 
portion of the molecule may be due to an attraction of these 
groups, either initially present or formed by oxidation of double 
bonds, for polar groups in adjacent molecules, thus building 


6 “Boundary Lubrication,’’ by G. B. Karelitz, Proceedings of the 
Special Summer Conference on Friction and Surface Finish, Massa- 
chusetts Institute of Technology, June, 1940. 

7 “The Influence of Surface Films on the Dry and Lubricated Slid- 
ing of Metals,” by T. P. Hughes and G. Whittingham, Trans. Faraday 
Society, vol. 38, 1942, p. 9.— 

8“The Influence of Temperature on Boundary Lubrication,” by 
J. J. Frewing, Proceedings of the Royal Society of London, series A, 
vol. 181, 1942, p. 23. 

* “X-Ray Diffraction Studies of Lubricants,” by G. L. Clark, R. R. 
Sterrett, and B. H. Lincoln, /ndustrial and Engineering Chemistry, 
vol. 28, 1936, pp. 1318-1322, 
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up multilayer (oriented) films extending into the bulk of the 
liquid. It has also been suggested® that such films may be held 
together by chemical bonds, i.e., the lubricating film may in some 
cases be a polymer. 

Mutual Effect of Antiwear and Antifriction Additives. Al- 
though the results described show that many acids are effective 
in reducing friction in the low-pressure range (Fig. 7), none of 
them is very effective in reducing wear. It might be expected 
that the use of a fatty acid together with an additive which 
reduces wear would give both low wear and low friction, but 
tests with the four-ball wear machine show that this is only 
partially true. Thus, even though a blend of mineral oil con- 
taining a fatty acid, as well as a compound which reduces wear, 
may give lower friction than would be obtained without the 
fatty acid, the friction is not nearly as low as with mineral oil 
containing the fatty acid as the only additive. This is often 
the case even when the antiwear additive is used in a concen- 
tration below that at which it will reduce wear. As an illustra- 
tion, the coefficient of friction is plotted against scar diameter in 
Fig. 9 for blends of oleic acid in mineral oil containing an anti- 
wear agent. It is seen that in every case friction is higher when 
the antiwear agent is present. 

The fact that the objective of simultaneous low wear and low 
friction was not obtained with the blends listed in Fig. 9 is not 
surprising since others have reported similar experiences.” 

It may result from the fact that various types of molecules tend 
to displace each other from metal surfaces. Thus, oleic acid may 


© “Friction and Wear Comparisons of Lubricating Surfaces,” by 
G. L. Neely, General Discussion of Lubrication, Proceedings of The 
Institution of Mechanical Engineers, London, England, vol. 4, 1937, 
pp. 378-385. 
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displace a wear-reducing compound from the rubbing surfaces 
and hence retard or prevent its reaction with the metal; or the 
converse may be true, depending upon the type of molecules 
present and their relative concentrations. 

It appears that wear preveiition under the conditions of the 
test is at least in part the prevention of corrosion by acids. That 
this is actually the case has been shown by adding buffers to an 
oil which keep it alkaline. When this is done, it is found that 
the wear is just as low as if the oil contained tricresyl phosphate, 
but the friction is very high as would be expected since acids are 
not present. The acids responsible for wear in undoped oils 
are those formed between the rubbing surfaces under the condi- 
tions of high pressure, high temperature, and the catalytic action 
of the metals. These acids are probably present at the rubbing 
surface in fairly high concentration, but their bulk concentration 
in the oil may be very low. 


ConcLUDING REMARKS 


This investigation has shown the serious difficulties which 
accompany efforts to reduce wear and friction simultaneously. 
Fortunately, there are but few instances in practice where both 
factors are of critical importance, and a satisfactory compromise 
can be made which emphasizes that factor which is most critical 
for the particular service. 


Discussion 


R. J. Nexervis.'! From the standpoint of lubricants for 
cold-working metals, it would seem that palm oil (Fig. 6 of the 
paper) and sulphurized sperm oil and mercaptolauric acid in 
blends of oleic acid in mineral oil (Fig. 9) tend to reduce the co- 
efficient of friction as the pressure is increased. The slope of 
these curves would seem to indicate low coefficients of friction at 
high pressures. That such is the case is further evidenced in 
practice. In the cold-reduction of steel to tin-plate gages, palm 
oil has been the only satisfactory lubricant found to date. In 
concurrence with the observed increase in electrical resistance 
above a critical velocity, a similar decrease in external friction is 
noted in actual practice with palm oil with increasing mill speeds. 

As for control of wear, it is important to bear in mind that in 
selecting a lubricant for a given cold-working operation, the 
function is not to prevent work on the metal entirely, but under 
extreme pressures to provide even wear on the material being 
worked with the least possible wastage due to external friction. 

It has been shown by Bowden and associates!? that when one 


1! Battelle Memorial Institute, Columbus 1, Ohio. 

12 “Sliding of Metals, Frictional Fluctuations, and Vibration of 
Moving Parts,” by F. P. Bowden, L. Leben, and D. Tabor, The 
Engineer, vol. 168, 1939, pp. 214-217. 

“The Friction of Lubricated Metals,” by F. P. Bowden and L. 
Leben, Philosophical Transactions, The Royal Society of London, 
series A, vol. 239, 1940, pp. 1-27. 

“Friction of Clean Metals and the Influence of Surface Films,”’ 
by F. P. Bowden and T. P. Hughes, Nature, vol. 142, 1938, pp. 
1039-1040. 
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metallic surface slides over another, there is considerable tem- 
perature increase with increasing loads which may reach the 
melting point of one of the metals at comparatively low loads, 
causing welding at the metal contacts. The sliding action is 
intermittent, i.e., with sufficient load the welding which de- 
velops at the metal contacts will be immediately disrupted. The 
greater the number of such contacts, the greater the load re- 
quired. This stick-slip action is more prominent with mineral 
oil and tends to disappear with fatty materials as the chain 
length of the molecule increases. They further observed that a 
film of lubricant, several molecules thick, must be present before 
it can function as an effective boundary lubricant for moving 
surfaces. 

With these findings as a premise, Crowther, Liddiard, and 
Marwood!* have enumerated the basic requirements for success- 
ful deep-drawing, and they are applicable to all cold-working 
lubrication applications: 

1 The area of actual contact between the metals must remain 
very small. 

2 The metals should be prevented in so far as possible from 
coming within the zone of attraction of each other. This might 
be done by employing a material for which each metal has a 
greater affinity than it has for the other metal. 

3 The temperature must be kept to the minimum by, for 
example, the presence of a low-melting metal. 

In developing this summary, it has bec:: shown that all suecess- 
ful lubricants (except solids which have purely mechanical action) 
and lubricant additives are reducing agents or can produce re- 
ducing agents, more particularly hydrogen in its nascent form. 

This acid theory is advanced to explain the successful action of 
fatty oils, chlorinated hydrocarbons, sulphur, phosphorus, 
phosphate coatings impregnated with oil, and metallic soaps, the 
latter of which owe their success to low-melting metallic films laid 
down in acid solution. 


AUTHORS’ CLOSURE 


The comments of Mr. Nekervis are very interesting. Of course, 
considerable caution should be exercised in applying the results 
obtained in any wear test machine to actual practice, because of 
the difference in character of wear which may be involved. In 
the practical applications in which Mr. Nekervis is interested, 
pressures are very high and the wear may be due almost entirely 
to mechanical damage of the rubbing surfaces, whereas this sort 
of wear has been held to a minimum in the experiments described 
inthe paper. The wear in the four-ball machine, under the con- 
ditions described, is believed to be due in a large measure to 
corrosive action. This rather mild type of wear includes chemi- 
cal attack accelerated by local overheating, and also removal of 
reaction products by rubbing. 


13 Principles of Lubrication in Modern Deep-Drawing Practice,” 
by H. A. H. Crowther, P. D. Liddiard, and K. I. Marwood, Sheet 
Metal Industries, vol. 18, no. 198, Oct., 1943, pp. 1733-1738; no. 199, 
Nov., 1943, pp. 1915-1920; no. 200, Dec., 1943, pp. 2099-2105; vol. 
19, no. 201, Jan., 1944, pp. 81-83 and 88. 
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The Friction Properties of Various 
Lubricants at High Pressures 


By JOHN BOYD: anp B. P. ROBERTSON: 


In connection with certain problems associated with 
the manufacture and punching of laminated stock, an 
investigation was made of the friction properties of various 
special lubricants under high pressures. Since these re- 
sults have been found useful in a number of special ap- 
plications, they are presented in this paper as a contribu- 
tion to the information available on this subject. 


HERE are many ways in which the friction properties of 

lubricants may be determined, and several investigations 

have described tests and equipment which are suitable for 
high pressures. The present paper utilizes a method suggested 
by M. D. Hersey and is based upon the work done by Prof. P. 
W. Bridgman.? Briefly it consists of placing the sample to be 
tested between two circular hardened steel anvils and measuring 
the torque necessary to twist one upon the other for various 
amounts of lateral pressure. By this means Professor Bridgman 
has determined the shearing properties of a great number of 
crystalline chemical compounds and has shown many of them to 
have unusual and unexpected properties. This method was 
chosen for the present investigation because it could be used with 
lubricants in the form of liquids, greases, and solids. Another 
reason for the choice was that the anvils could be rather easily 
finished to a uniform degree of surface finish and, if desirable, the 
material of the anvils and the degree of finish could be readily 
changed. 

A large number of lubricants have been tested by this method 
but only 24 are included here. The latter may be classified into 
the following groups: (1) Mineral, animal, and vegetable oils; 
(2) mineral oil plus various additives; (3) fatty acid additives; 
(4) greases; and (5) solid lubricants. 

One method of comparing the results for the different lubri- 
cants was on the basis of shearing stress as a function of the angu- 
lar displacement (Figs. 4, 5,6, and 7). In general, the stress rose 
abruptly at first and then increased slowly as the angle of twist 
became larger. Materials such as stearic acid, molybdenum 
disulphide, and several others gave very flat curves which indi- 
cated an ability to maintain a lubricating film without being 
squeezed out. 

Another method of comparison was based upon the coefficient 
of friction and its variation with lateral pressures (Figs. 8, 9, 10, 
and 11). In most cases the coefficient did not vary greatly with 
pressure. This made it possible to arrange the data in tabulated 
form, as in Table 1, showing each lubricant and its average co- 
efficient of friction. 


Test APPARATUS 
Fig. 1 shows a cross section of the main part of the apparatus. 


1 Westinghouse Research Laboratories, East Pittsburgh, Pa. 

2 “Shearing Phenomena at High Pressures, Particularly in Inorganic 
Compounds,” by P. W. Bridgman, Proceedings of the American 
Academy of Arts and Sciences, vol. 71, no. 9, 1937, pp. 387-460. 

Contributed by the Research Committee on Lubrication and pre- 
sented at the Semi-Annual Meeting, Pittsburgh, Pa., June 19-22, 
1944, of Tae American Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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It will be seen that two specimens were employed, each with its 
own set of anvils. This avoided the use of a thrust bearing which 
would have introduced an unknown friction torque. The bottom 
and the top anvils were mounted in base plates which were 
fastened to the self-aligning platens of a 400,000-lb hydraulic 
testing machine. The two intermediate anvils were held in a 
center piece which was guided by two rows of balls so that it 
could be kept in proper alignment with the bottom and the top 
anvils. 

Torque was applied to the center piece and the two inner 
anvils by a steel torque bar shown in Figs. 1 and 2. In order to 
impart a uniform motion to the bar and to prevent any misalign- 
ment of the turning force from affecting its calibration, an inter- 
mediate member, in the form of a wooden beam, was used. This 
was pivoted on one end on the stationary shell surrounding the 
anvil assembly. The other was fitted with a pin which trans- 
mitted the turning force to the torque bar. Fastened to the beam 
was a circular segment and to this was attached a cable from a 
motor-driven windlass. A limit switch, mounted on the frame of 
the machine, shut the motor off after a 60-deg angular displace- 
ment of the anvils. 

Varying the speed of rotation over a range of approximately 
5:1 produced no noticeable change in the results obtained, pro- 
vided the speed was kept low enough to eliminate inertia effects. 
A speed of 3'/: radians per min was found to be convenient and 
was standardized upon for the tests. 

For obtaining a record of friction torque as a function of the 
angular displacement of the anvils, a recorder was employed. Its 
frame was mounted on the torque bar and carried a pivoted metal 
drum to which a sheet of waxed paper was attached. An arm, 


TABLE 1 AVERAGE COEFFICIENTS OF FRICTION 


-—Angular displacement, deg—. 
-——10 de eg—— 
Average / rating Average/ rating 

0.022 1 0.029 1 
Tungsten disulphide................. 0.032 2 0.037 3 
Molybdenum disulphide.............. 0.032 3 0.033 2 
0.036 4 0.058 5 
0.055 5 0.054 4 
Turbine oil + 1 per cent MoS:...... -. 0.060 6 0.068 6 
7 0.071 7 
Castor oil.... .06 9 0.081 10 
Grease (sinc-oxide base).............. 0.071 10 0.080 9 
Grease 0.073 12 0.082 12 
oil. 0.077 14 0.085 14 

urbine oil + 1 per cent graphite..... 0.081 15 0.105 17 
Turbine oil + 1 per cent stearic acid.. 0.087 16 0.096 15 
0.088 17 0.108 18 
0.089 18 0.109 19 
Turbine oil + 1 per cent mica........ 0.091 19 0.105 16 
us 0.099 21 0.115 20 
Soapstone 0.169 22 0.306 22 
Mica 23 0.305 23 


* Not a lubricant; for comparison only, 


with a stylus at one end for marking the paper, was mounted on a 
pivot fastened to the frame. By attaching an intermediate point 
on the arm to an unstressed bracket, welded to the torque bar 
near its junction with the center piece, the movement of the stylus 
was made proportional to the torque transmitted by the bar. By 
winding a cord around the drum and fastening the free end to the 
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stationary shell surrounding the anvils, the movement of the 
drum was made proportional to the rotation of the anvils. 


PREPARATION OF ANVILS 


The anvils were made from a Cr-Mo air-hardening tool steel 
treated to give a Rockwell C hardness of 63. To prepare the mat- 
ing surfaces, the anvils were first surface-ground then mounted 
three at a time in a fixture and given a series of lapping opera- 
tions on a ground surface plate. Number 3/0 polishing paper was 
used for tke final process. By adopting a standard routine for the 
polishing operation, flat surfaces with a finish of 2 rms micro- 
inches could be consistently produced. Anvils were refinished for 
each different lubricant tested. This assured freedom from con- 
tamination due to adsorbed films, etc. 

Since the rate of shear in the specimen under test was not uni- 
form but increased from the center of the anvil to the periphery, 
several anvils were recessed in the center so as to provide a nar- 
row annular contact area. In this way the effect of a more nearly 
uniform rate,of shear could be obtained. Comparison tests made 
with both types of anvils, however, indicated that it made little 
difference whether they were solid or recessed, provided the net 
areas of contact were taken into account. All of the data shown 
are for solid anvils. 


Meruop or Test 


At the start of a test, a sample of the lubricant in question was 
placed between each set of anvils.* Lateral pressure was then 
applied and held constant after which the motor driving the 
torque bar was started and a torque versus angular displacement 
curve obtained. The lateral pressure was then removed and the 
torque bar returned to its initial position. A new sample of lubri- 
cant was added and the operation carried out as before but with a 
higher lateral pressure. This was repeated until damage to the 
anvils as a result of scoring or of cracking under high pressure was 
imminent. 

Test Resutts 

Figs. 4, 5, 6, and 7 show the shearing stress versus angular dis- 
placement curves for the materials tested. They were obtained 
directly from the original torque versus angular displacement 
records. Since the shearing stress was proportional to the 
torque, the ordinates of the recorded curves were proportional to 
both the torque and the shearing stress. With appropriate scales, 
either quantity could be read directly. The relationship between 
stress and torque was based upon the relation 


T =2 Qer- 


T is torque applied to torque bar 
ris shear stress at a distance r from center 
R is radius of anvils 


where 


Although the rate of shear was a function of the radius, tests 
indicated that the shearing torque was practically unaffected by 
the speed of rotation. The shearing stress was therefore assumed 
to be independent of the rate of shear. Integrating the equation 
in terms of the mean shear stress Tm gives 


By noting that r = f. p, where f is the coefficient of friction and 


3 Since the materials tested were of various forms, the samples could 
not be standardized as to weight or volume. Therefore, the materials 
were generously applied to the anvils for each test and results were 
found to be reproducible. 


p is the lateral pressure at a distance r from the center, Equation 
[1] may be rewritten as 


If we assume, as Bridgman has done, that the lateral pressure 
is uniformly distributed, Equation [3] can be integrated in terms 
of the mean coefficient of friction f; thus 


where P is the total lateral load. 

In constructing the coefficient of friction curves, values were 
computed for a displacement of 10 deg. This enabled inertia 
effects and other initial disturbances to have become negligible, 
while minimizing the chance of the material being squeezed from 
the anvil surface. 

Table 1 rates the materials tested in terms of their average 
coefficients of friction. Values are given for 10-deg and 50-deg 
angular displacements. Comparison of the two coefficients indi- 
cates the tendency of the material to withstand shearing action. 

Mineral, Animal, and Vegetable Oils. The fixed and mineral 
oils reacted to the shearing operations in much the same manner, 
Fig. 4. The shearing stresses increased gradually with angular 
displacement for all of the oils. The coefficients of friction differed 
considerably, however, and the effect of pressure was appreciable, 
Fig. 8. There was also « tendency for the coefficients of friction 
of the mineral oils to decrease slightly with increased pressure, 
while the coefficients for the fixed oils had a tendency to rise under 
the same condition. 

As had been expected from previous investigations, the co- 
efficients for the mineral oils were greater than those of the animal 
and vegetable oils tested. For the oils listed here, palm oil gave 
the lowest average coefficient of friction and machine oil the high- 
est, Table 1. 

Mineral Oil Plus Various Additives. Solid and fatty-acid addi- 
tives, combined with the turbine oil listed in the previous group, 
did not greatly affect the appearance of the stress-displacement 
curve, Fig. 5. The presence of the additives is more clearly indi- 
cated in their effect upon the coefficients of friction, Fig. 9. 

When calculated for 10 deg of angular displacement, the aver- 
age coefficient of friction of the oil was increased by the addition 
of 1 per cent powdered mica. The addition of 1 per cent colloidal 
graphite caused a noticeable increase in the coefficient for pres- 
sures above 125,000 psi. The most noticeable reduction was ob- 
tained by the addition of 1 per cent of finely powdered molyb- 
denum disulphide. 

Using shear values for 50 deg of angular displacement for de- 
termining the average coefficients, results indicated that all of the 
additives used had increased the ability of the oil to withstand the 
shearing action, Table 1. 

Fatty-Acid Additives. Remarkable friction qualities were 
shown by some of the fatty acids tested. The behavior of the 
stearic acid was outstanding. It gave the lowest average co- 
efficient of friction of any material listed, Table 1. Although its 
shearing qualities were not unusual at the higher pressures, it was 
exceptional in the pressure range below 200,000 psi, Fig. 10. Its 
ability to resist the shearing action, Fig. 6, under the extreme 
pressures was also very good. 

Other fatty acids included gave noticeably higher friction values 
than the stearic acid, Fig. 10, although they all varied with pres- 
sure in much the same manner. 

Greases. Zinc-oxide-base and calcium-base greases exhibited 
much the same shear characteristics, Fig. 5, and only slight varia- 
tions were noticeable in the friction-versus-pressure curves, Fig. 
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10. There was a gradual increase in the coefficients of friction 
with increasing pressure. 

Although it was not a grease, the residual tested had a co- 
efficient of friction which varied with pressure in almost the same 
manner as the greases, Fig. 10, and its average coefficients of fric- 
tion were of the same order, Table 1. 

Solid Lubricants. Some looseness is implied in referring to all 
of the solid materials listed (Table 1) as lubricants. Powdered 
boron, instead of lubricating the anvils, actually produced con- 
siderable abrasion. It was included because it was the material 
for which Professor Bridgman obtained the highest friction values. 

Silver sulphate was included because, with it, Professor Bridg- 
man got some of his lowest friction values. The results of these 
tests agree fairly well with his findings and show the same drop in 
friction with increasing pressure that he obtained. 

The shear characteristics of powdered soapstone and of 
powdered mica are interesting since they differed from the rela- 
tively smooth shear-displacement curves obtained for the other 
materials, Fig. 7. Both mica and soapstone sheared in alternat- 
ing periods of sticking and slipping for pressures above 50,000 psi. 
This process was very noisy and both materials became caked and 
adhered tightly to the anvils during the shearing operation. 

The colloidal graphite gave relatively low average coefficients 
of frietion, Table 1, but there was a tendency for the friction 
properties to become less satisfactory as the shearing action pro- 
ceeded under pressures above 200,000 psi, Fig. 7. 

Tungsten disulphide and molybdenum disulphide possessed 
very good shearing characteristics, Figs. 6 and 7. The average 
coefficients of friction were lower for these than for any of the 
other solid lubricants tested, Table 1. The very low coefficients 
obtained for molybdenum disulphide, Fig. 11, explain the numer- 
ous applications to which it has recently been adapted. 


SUMMARY 


It is not the intention of this paper to recommend lubricants 
for specific applications. The tests reported merely indicate the 
friction properties of a series of lubricants when subjected to shear 
at high pressures. 

No attempt has been made to select lubricants with ‘‘extreme- 
pressure” characteristics. Those listed represent materials tested 
because there was a need for information on their high pressure 
properties. 

The lubricants tested have been listed in tabular form and have 
been rated according to their average coefficients of friction. The 
lowest values were obtained with stearic acid which had a co- 
efficient of 0.022 and the highest with powdered mica which had a 
coefficient of 0.257, representing a range of approximately 1:12 
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Discussion 


P. W. Briveman.‘ It is hoped that these interesting investi- 
gations will prove to be only the first of a number of similar stud- 
ies. The general method is believed to be capable of giving val- 
uable information, both with regard to practical questions, as in 
the present work, as well as to many theoretical aspects of the 
plastic behavior of solids.. The method is of such simplicity and 
the range of stresses covered is so high that extensive application 
may be expected. 


‘ Research Laboratory of Physics, Harvard University, Cambridge, 
Mass. 
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Some comment may be made on the physical significance of 
the new results obtained by the authors. The data presented, 
except for two or three substances, lie in the range of pressures 
in which surface slip has disappeared and the relative motion oc- 
curs because of internal slip or shear. Hence, although from the 
point of view of applications the results are properly described in 
terms of a ‘‘coefficient of friction,” from the point of view of the 
mechanism of the yield process, the results might more signifi- 
cantly be described in terms of the shearing strength of the 
material as a function of pressure. The relation between shearing 
strength and effective ‘‘coefficient of friction’? is such that, if 
the effective ‘coefficient of friction’? is independent of pres- 
sure, the shearing strength is proportional to pressure. In most 
of the cases, the ‘‘coefficient of friction” found by the authors rises 
with pressure, although in a few cases it decreases slightly. Trans- 
lated into terms of shearing strength, this means that in most 
cases shearing strength increases more rapidly than proportion- 
ally to pressure, and in all cases increases very markedly with 
pressure. The simple theories of plastic flow of solids postulate 
that shearing strength is approximately independent of pressure. 
The authors’ results as well as previous results of the writer show 
how very far from the truth this assumption is for ranges of stress 
which are at all high. 

The authors found a perceptible dependence of the effective 
coefficient of friction on the total angle of rotation and used 
this dependence as an indication of the extent to which the lubri- 
cant is squeezed out in use. It is thought that a large part of the 
dependence on the angle of rotation is due to an internal change 
in structure; the initial crystalline regularity getting broken 
down. The writer has found that this structural disintegration 
may continue for much larger angles of rotation than are covered 
in the present work and may reach extreme amounts, as shown 
by X-ray analysis. The effect of structural breakdown on shear- 
ing strength is particularly great if the material is initially in the 
form of a single crystal with cleavage planes parallel to the direc- 
tion of slip. Spectacular increases of effective coefficient of fric- 
tion may be obtained, for instance, with single crystals of zinc. 

Finally, this opportunity is taken to mention some unpublished 
experiments in which the rotating parts were made of carboloy 
instead of steel. Carboloy has three advantages over steel: 
(1) It is harder than steel, so that refiguring is not necessary so 
often. (2) The elastic constants are 3 times greater, so that the 
elastic deformations are correspondingly less, and the film under 
test remains of more uniform thickness, which means that the 
results calculated by neglecting the distortion are closer to the 
actual state of affairs. (3) It is markedly stronger than steel, so 
that considerably higher stresses can be reached. Carboloy an- 
vils have been used up to pressures of 1,500,000 psi. Not only are 
earboloy anvils materially better than steel in the low-pressure 
range, but it is possible with them to enter the zone of internal 
yield by shearing of some of the harder metals, which, when in- 
vestigated with steel, yield by surface slip at all pressures up to 
the strength of the steel. 


J.T. Burwe tt, Jr. While the simple type of friction machine 
described in the paper should be particularly valuable for testing 
lubricants used in punching operations, in connection with which 
it was primarily developed, with care, however, the results ob- 
tained can probably be extrapolated to other extreme-pressure 
lubricant applications. They should be most applicable in cases 
where the sliding speeds are low as between the teeth of spur 
gears; but less applicable to hypoid gears, cams, etc. 

It is noteworthy that the present machine differs from most of 
the conventional E-P lubricant test machines in the fact that the 
nominal bearing surfaces have a large finite area and do not em- 


a 6 Lieutenant U.S.N.R., Navy Department, Washington, D. C. 
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ploy any wedging action to maintain the lubricant between the 
surfaces. For fundamental studies this may prove a drawback 
because, as is well known, the true bearing area will generally bear 
no fixed relation to the nominal area of the faces. Because of this 
fact, workers such as Bowden, Muskat, Beeck, and others have 
avoided this difficulty by using curved surfaces, thus localizing 
the true contact area. This machine should prove to be invalu- 
able, however, as a gage of whether the lubricant under investi- 
gation will perform well ina punch press and in similar operations. 

The design of the present machine does however, possess one 
distinct advantage. The flat surfaces of the anvils of the machine 
should prove most suitable for studying, by means of electron 
diffraction, the surface films formed in the testing of various lu- 
bricants. It should be particularly interesting to examine the 
surfaces after a test run with, for instance, molybdenum: disul- 
phide or silver sulphate. Beeck and others have shown that the 
so-called ‘‘chemical polishing agents” form characteristic films 
on the bearing surfaces which can be identified by their electron- 
diffraction patterns. These films have been found to form when 
the surfaces are run together at high speeds for a considerable 
time, but confirmation of their existence in the present instance 
should throw further light on the mechanism of E-P lubricants. 
This is particularly true for solid materials such as the disulphides. 

The results themselves present several points of interest. In 
the curves of shearing stress versus shearing arc, given in Figs. 4, 
5, 6, and 7 of the paper the absence of a large static shearing stress 
in most cases is noteworthy. The stick-slip phenomena in the 
cases of mica and soapstone indicate the presence of a high static 
stress in these cases, 

It is of interest to compare the ratings of the materials, given in 
Fig. 12 of the paper, for this machine with that given by other 
machines which operate under lighter loads but at higher speeds. 
The ratings are in many cases similar but there are some notable 
exceptions. One is the fact that, while pure stearic acid, which is 
presumed to be in the solid state, is quite effective as a lubricant, 
the 1 per cent solution in turbine oil was no more effective than 
the turbine oil alone. This is contrary to experience in most 
friction-test machines. Graphite shows a similar behavior, but 
on the other hand the 1 percent addition of molybdenum disul- 
phide is quite effective. 

Another point of interest is that capric acid, although saturated 
like stearic acid, is no more effective than oleic acid which is un- 
saturated. Possibly its short chain length is the important factor. 

It may be significant that the four materials with friction coef- 
ficients less than 0.050 are all solid or will be so under pressure. 
This may be the means for introducing and maintaining a suffi- 
cient quantity of lubricant between the test surfaces. Of course, 
the solid state alone is not sufficient, as the soapstone and mica 
show, but if the material is effective because it forms a dense 
oriented film or because of chemical polishing, or because of 
shearing easily such as the stearic acid, the disulphides, or the 
graphite, the additional factor of solidity may be advantageous. 
In this connection silver sulphate seems to be anomalous since it 
would not appear to operate according to any known mechanisms. 

The present work appears to be quite important in opening up a 
somewhat different type of lubricating service, and any results 
obtained may be able to throw a new light on the more general 
problem. Further work of this type is much to be desired. 


D. D. Futier.* The pressures to which the authors’ tests were 
carried are higher than one might expect to attain if guided by the 
work of some previous experimenters (1, 2, 3, 4).7 It appears now, 

6 Associate in Mechanical Engineering, Department of Mechanical 
Engineering, Columbia University, New York, N. Y. Jun. A.S.M.E. 

7 Numbers in parentheses refer to the Bibliography at the end of 
this discussion. 
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however, that the seizure load for a given lubricant depends upon 
the tendency of the test specimens themselves to scrape or abrade 
the lubricant from the contacting surfaces. For example, the 
seizure loads for a wide variety of oils were obtained on the three- 
peg machine by Schmidt, Gilbert, and Boston (1). The pegs in 
this apparatus were ground flat at the contacting surfaces and, in 
a bath of oil, were pressed against a test plate. The abrading ac- 
tion of the squared pegs on the plate must have been considerable 
because the maximum pressure that any oil could sustain without 
seizure was reported as 13,750 psi (this was a mineral oil with the 
addition of 47 per cent lard oil and 7.7 per cent sulphur). 

The present authors, for a straight machine oil, indicate that a 
pressure of 250,000 psi was maintained, and for lard oil, the test 
specimens carried a pressure of 300,000 psi. These incipient 
breakdown pressures are approximately 20 times greater than 
those obtained by Schmidt, Gilbert, and Boston. The increase is 
apparently the effect of test-specimen geometry. Two circular 
anvils cannot scrape the oil to one side and cut down to bare 
metal. The lubricant can only be squeezed out, and as Needs has 
shown (5), the resistance of many oils to such extrusion is ex- 
tremely great. Pegs, and especially flat pegs, would tend to 
abrade the oil film and thus reduce the actual seizure load. 

The three- and four-ball machines (6, 7), on the other hand, 
eliminate sharp corners and, consequently, show a relatively high 
load-carrying capacity. Clayton (7) reports initial seizure pres- 
sures for common lubricants which approach tne same order of 
magnitude as those of the authors. (His pressures are computed 
by using the Hertz formula for contact pressures between two 
spheres.) For paraffin oil with 2 per cent oleic acid, the average 
contact pressure at seizure was approximately 330,000 psi; rape 
oil 380,000 psi, etc. This appears to be good correlation with the 
results given in the paper. 

It might be interesting to investigate the effect of slots or 
groove on the breakdown pressure of the lubricant. Several 
sharp-edged grooves could be placed radially on two of the four 
contacting surfaces of the anvils. Thena successive rounding-off of 
the groove’s edge should serve to establish a relationship between 
the radius of the edge and the load-carrying capacity of the 
boundary film. Such information might assist in the correlation 
and useful application of much of the boundary-friction test data 
that appears in the literature on the subject. 

The coefficients of friction reported by the authors, although 
somewhat on the low side, have an order of magnitude quite in 
line with those obtained in many recent investigations (8, 9, 10). 

It is especially interesting té note the low friction characteristic 
of certain solids. The use of solids in antifriction applications 
appears promising and opens a field for further investigation. 
Claypoole (8) in 1939 reported an amazing phenomenon regard- 
ing the friction between a diamond and a glass test plate. With 
a small friction coefficient of 0.02, and no lubricant, the diamond 
would not abrade or scuff the plate even when the load was raised 
to such value as to deform the glass plastically! A sapphire how- 
ever with only '/:e of that load caused severe abrasion. Stott 
(11), in an investigation of the friction between steel pivots and 
jeweled bearing cups, noticed for the diamond, the same low fric- 
tion and absence of wear. The hardness of the diamond seems not 
to be the controlling factor, for a ‘‘polished boron carbide point 
(with about the same degree of hardness) will tear up the surface 
of clean steel even under light loading”’ (8). 

When exploring the “lubricating” possibilities of solids, it 
should be remembered that, besides a low value of friction, the 
lubricant should also minimize wear. Sand sprinkled between 
two concrete slabs will lower the coefficient of sliding friction. 
Powdered emery in an oil will prevent seizure in some of the com- 
mercial extreme-pressure testing machines now in use. But 
obviously, because of their abrasive effect, neither sand nor 
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powdered emery can ever be considered as a good lubricant. 

The use of solids as antifriction materials appears very promis- 
ing but further investigation should include, in addition to fric- 
tion properties, some estimation of the wear characteristics of 
these materials. 


BIBLIOGRAPHY 


1 “Correlation of Coefficient of Friction With Drilling Torque 
and Thrust for Different Types of Cutting Fluids,’’ by A. O. Schmidt, 
W. W. Gilbert, and O. W. Boston, Trans. A.S.M.E., vol. 64, 1942, 
pp. 703-709. 

2 “An Experimental Study of Lubrication Under Conditions of 
Extreme Pressure,” by J. E. Southcombe, J. H. Wells, and J. H. 
Waters, Institution of Mechanical Engineers, General Discussion on 
Lubricants, vol. 2, 1937, pp. 400-411. 

3 “Comparison of the Behavior of Various Extreme-Pressure 
Lubricants in Different Testing Machines,”’ by J. L. van der Minne, 
Institution of Mechanical Engineers, General Discussion on Lub- 
ricants, vol. 2, 1937, pp. 429-441. 

4 “Extreme Pressure Lubricants Testing,” by G. L. Neely, 
S.A.E. Journal, vol. 39, 1936, Trans. sec., pp. 293-296. 

5 “Boundary Film Investigations,’’ by S. J. Needs, Trans. 
A.S.M.E , vol. 62, 1940, pp. 331-345. 

6 “The Surface Temperature of Sliding Metals—The Tempera- 
ture of Lubricated Surfaces,’’ by F. P. Bowden and K.E.W. Ridler, 
Proceedings of the Royal Society, vol. 154, 1936, pp. 640-656. 

7 “The Use of the Four-Ball Extreme Pressure Lubricant Test- 
ing Apparatus for Ordinary Lubricants,”’ by D. Clayton, Institution 
of Mechanical Engineers, General Discussion on Lubricants, vol. 2, 
1937, pp. 274-284. 

8 “Thin Oil Films,” by Walter Claypoole, Trans. A.S.M.E., vol. 
61, 1939, pp. 323-333. 

9 “Static Friction,’’ by Walter Claypoole, Trans. A.S.M.E., vol. 
65, 1943, pp. 317-324. 

10 ‘Nature of Sliding and Analysis of Friction,”’ by F. P. Bowden 
and L. Leben, Proceedings of the Royal Society, vol. 169, 1938-1939, 
pp. 371-391. 

11 “Some Experiments on the Lubrication of Pivot and Jewel 


_ Bearings,” by V. Stott, Institution of Mechanical Engineers, General 


Discussion on Lubricants, vol. 2, 1937, pp. 145-152. 

12 “The Role of Surface Chemistry and Profile in Boundary 
Lubrication,” by J. T. Burwell, S.A.E. Journal, vol. 50, 1942, Trans. 
sec., pp. 450-457. 


E. K. Garcomse.* Are the results given in this paper an in- 
dication of the friction properties alone of the lubricants investi- 
gated by the authors, or should we consider that they include not 
only the friction properties of the lubricants but also the friction 
properties of the surfaces of the anvils as well as that physical 
property of lubricants which we refer to as the viscosity? It would 
seem that this might be a question which would logically arise, 
if one should read the works of Bridgman, Hersey, Kisskalt, 
Karelitz, Needs, and others. Let us review some of the results 
and conclusions cited by these men. 

Bridgman found that various substances differed greatly in 
their friction properties, and also that ary given substance might 
have varying friction properties depending upon the pressures to 
which it was subjected. He mentions that these substances un- 
dergo plastic flow at the high pressures, and thus that their fric- 
tion properties are changed, at least, if we consider them in the 
light of our ordinary definition of friction. Bridgman also states 
that we may find a condition of plastic flow in the adsorb film; 
furthermore, that some of the ‘‘test” material may become im- 
pregnated into the surface of the anvils. 

Hersey and Shore, Kisskalt, Karelitz, and others have pre- 
dicted in general that lubricants may change somewhat from a 
fluid to something more like a solid at high pressures. If these 
statements are true, then it is conceivable that it might be diffi- 
cult for us to say that we are measuring the friction properties 
alone of the lubricants, when we perform certain tests on the lu- 
bricants. 

* Instructor, Cornell University, Ithaca, N. Y. Jun. A.8.M.E. 
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However, the authors, undoubtedly, have considered and 
weighed such questions carefully, and their results are indicative 
of just those properties which they propose. 

Another point which might be worthwhile discussing is the 
following: How much of a film was actually present at the begin- 
ning of the tests? 

Bridgman’s work suggests that a film is present, however small 
its thickness. There is little doubt that the film becomes broken 
down after the tests are started. This may in part account for 
the increase in the coefficient of friction with larger angles of ro- 
tation of the anvils. But, if a film is present at the beginning of 
the tests, then it must support a load, a fact which is a contra- 
diction to the hydrodynamic theory of fluids, because these sur- 
faces are parallel and there is no relative motion between the sur- 
faces. This means that the fluid must become entrapped in the 
region of the center and, thus, that it supports a load, because it 
has no chance to escape, as is pointed out by Bridgman. Ac- 
tually it is unlikely that the surfaces are parallel, the disk of oil 
entrapped probably being lens-shaped (thicker at the middle than 
at the edges). 

Now, if there actually is a film present at the beginning of the 
test it supports a load and thus its particles are being sheared off 
as the tests begin. If the lubricant still acts like a fluid during this 
part of the test, then we might expect that the assumption made 
by the authors, that the shearing stress was independent of the 
rate of shear, is incorrect. However, it is likely that the fluid no 
longer acts in this manner so that the assumption may be a per- 
fectly good one. The assumption that the pressure is uniform 
over the disk may be strongly questioned. It is also likely that 
the load-supporting action of the film changed greatly as its thick- 
ness changed during the test. It might be that the particles of 
the lubricant act like “roller bearings’ to give some support to the 
surfaces of the anvils. 

The writer has been able to show, through the use of the hydro- 
dynamic theory of fluids, that extremely high pressures are de- 
veloped in the wedge of oil which separates gear teeth, while rea- 
sonable minimum film thickness exists. These pressures are high 
enough and distributed over large enough areas to account for 
the transfer of tooth loads by the film. 


Mayo D. Hersey.’ By extending Professor Bridgman’s 
method to the investigation of lubricants, the authors have 
opened up a promising field of future research. It is, therefore, to 
be hoped that arrangements can be made (a) for continuing the 
experiments, studying additional variables, (b) analyzing the 
probable conditions theoretically; (c) comparing friction values 
with those published by other investigators; and (d) correlating 
results with gear-tooth friction and other performance observa- 
tions. 

It is interesting to learn that the substitution of annular sur- 
faces, offering more nearly uniform pressure and speed condi- 
tions, did not substantially alter the results. Can anything be 
said as to the effect of very long or very short periods of load ap- 
plication preceding the torque measurement? Is there any sign 
of the plastic or thixotropic effects observed by S. J. Needs” in 
his investigation of boundary films? In general, irreversible ef- 
fects, such as hysteresis loops accompanying decrease of load, 
might be anticipated. Finally, the fact that the friction coeffi- 
cients are not more widely scattered for tests on such diversified 
substances over so great a pressure range is noteworthy and in- 
vites contemplation. 


* Research Associate in Mechanical Engineering, Massachusetts 
Institute of Technology, Cambridge, Mass. Fellow, A.S.M.E. 

‘Boundary Film Investigations,”” by S. J. Needs, Trans. 
A.8.M.E., vol. 62, 1940, pp. 331-345. 
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J. R. Muencer.'!! The authors are to be congratulated on 
their study of a very complicated problem and on the presenta- 
tion of their results. It is to be hoped that the work will be con- 
tinued since the writer feels that profitable secondary approaches 
to the problem exist and that additional data similar to that re- 
ported but on other lubricants would be of interest. 

The authors state that results were found to be reproducible 
when generous amounts of the lubricant were applied to the an- 
vils. Can this be illustrated by data obtained with different sets 
of anvils? 

It seems likely that the order of rating the lubricants would be 
different should the analysis, hardness, or finishing of the test 
specimens, or the test temperature be changed. Would the au- 
thors comment on this? 


Avuruors’ CLOSURE 


The use of carboloy anvils by Professor Bridgman seems to 
offer several important advantages. It is hoped that it will be 
possible to try this material in some of the future tests. 

The formation of films on the surface of the anvils, as men- 
tioned by Mr. Burwell, was particularly evident in the case of 
molybdenum disulphide. Even if the anvils were thoroughly 
cleaned with various solvents and rather vigorously polished with 
fine paper, the effect of previous testing with molybdenum disul- 
phide could easily be detected. For this reason, a definite 
schedule of refinishing the anvils was employed before testing a 
new material. 

The use of curved surfaces for the mating parts has important 
advantages for various types of tests. Accordingly, flat surfaces 
introduce certain disadvantages. However, the latter were 
chosen for three reasons: (1) they could be used with lubricants 
in the form of liquids, greases, and solids; (2) the surface finish 
could be easily controlled; and (3) the material of the mating 
parts could be readily altered. In order to check the results ob- 
tained on this apparatus against those given by a machine of the 
4-ball type, a special 4-ball machine was constructed. The ma- 
terials mentioned in the paper have been tested on this apparatus. 
It was found that if the loads (400,000 psi) and speeds (3!/3 
radians per min) in the two tests were made equal practically 
all the liquid lubricants gave results which did not differ by more 


11 Mechanical Engineer, Project Leader, Beacon Research Labora- 
tory, Texas Co., Beacon, N. Y. Jun. A.S.M.E. 


than 10 per cent. In the case of solid lubricants the situation 
was different. All of the solids except mica (boron and soap- 
stone were not tested) gave substantially higher friction with the 
4-ball apparatus. This is due to the fact that powders cannot be 
retained between the points of contact and partial or complete 
metal-to-metal contact takes place. Mica gave lower values with 
the 4-ball apparatus. This is because the metal-to-metal friction 
is less (f,, = 0.227 for bare balls, well cleaned) than the friction for 
mica itself. 

Mr. Fuller’s comments on the need for wear measurements in 
connection with solid lubricants are well taken. The present in- 
vestigation was initiated by a desire to reduce wear in various 
punching operations. A number of wear tests have been made 
but the work has not been completed. 

Mr. Gatcombe raises the question as to whether the tests show 
the friction properties of the lubricants alone or include other 
factors. The shape, surface finish, and composition of the anvils 
are certainly involved. The tests should be looked upon as giv- 
ing the friction properties of a group of lubricants under certain 
definite conditions. 

Mr. Gatcombe points out that what appears on the surface as 
a simple test is not so simple if a rigorous analysis be made. It is 
difficult to devise a test which will take account of all the vari- 
ables and will not have certain disadvantages. The present 
method was selected because it appeared to possess more advan- 
tages than disadvantages for the purpose at hand. Certain as- 
sumptions have been made. These in general are the same as 
Bridgman’s and have been thoroughly discussed by him. Unless 
such simplifications are introduced, the problem becomes very 
complex and it is difficult to present the results in a usable form. 

The suggestions by Mr. Hersey are appreciated and an at- 
tempt will be made to incorporate them in future work. Time did 
not permit an investigation of the effect of very long and very 
short periods of loading or of the presence of plastic or thixo- 
tropic effects but it is hoped that these also may be investigated 
in future work. 

Mr. Muenger asks whether the results were reproducible with 
different anvils. With the method of preparing the anvils de- 
scribed, it was possible to reproduce results on different anvils 
with surprising accuracy. That the order of rating would be dif- 
ferent with anvils of different materials and different surface 
finish is quite likely. It is hoped that this can be studied in future 
tests. 
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New Method of Calculating Natural Modes 
of Coupled Bending-Torsion Vibration 
of Beams 


By N. O. MYKLESTAD,! PASADENA, CALIF. 


Recently the author developed a new method of calcu- 
lating natural modes of uncoupled bending vibration of 
beams,’ the present paper being an extension of this work 
to take care of coupled bending-torsion vibrations as well. 
This latter problem has lately taken on considerable im- 
portance as a means of interpreting ground-vibration tests 
on airplane wings, which may be considered as a sym- 
metric beam with free ends. The author’s method also 
makes it possible to consider the entire airplane as an 
elastic body both in symmetric and in antisymmetric 
vibration, and to find the effective inertia of an airplane 
propeller in determining the torsional vibration char- 
acteristics of the engine. It may be readily applied to the 
vibration of turbine blades and propellers in general, when 
the centrifugal force is taken into consideration. This 
method possesses the advantage that the computations 
may be performed by inexperienced calculators as only the 
routine completion of a tabular form is required. 


INTRODUCTION 


N the development of the present paper the following assump- 

tions are made: The elastic axis of the beam is a straight 

line, and the principal axes of all cross sections are parallel. 
The beam bends about the minimum axis of moment of inertia of 
each cross section, and the deflection curve is a plane curve. The 
beam itself is assumed weightless and to carry a finite number of 
masses along its length. Each of these masses is distributed 
in a plane perpendicular to the axis of the beam and with its cen- 
ter of gravity located on a horizontal line through the elastic 
axis of the beam but not, in general, on this axis. 

When the mass loading of the beam is distributed along its 
length, it must be redistributed so that it corresponds to the 
type of loading mentioned. The accuracy of the vibration modes 
thus obtained will then depend upon how many planes of con- 
centration are used and also upon the manner in which the mass 
was originally distributed. As a rough rule, it may be said that 
at least twice as many planes of concentration should be used as 
the number of natural modes desired, but the number should not 
be less than 6. 

The method is similar to Holzer’s method for torsional vibra- 
tion in that it is based upon the fact that, for forced vibration 
with finite amplitude, the shaking force becomes zero at any one 
of the natural frequencies. By plotting a quantity equal to the 
amplitude of the shaking force divided by the square of the angu- 


' Guggenheim Aeronautics Laboratory, California Institute of 
Technology. 
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lar frequency w, as a function of w, a curve is obtained which 
crosses the w axis at the natural angular frequencies. The time 
required for finding a coupled mode is about 10 times that neces- 
sary to find an uncoupled torsional mode by Holzer’s method and 
about 2 to 3 times that required for finding an uncoupled bending 
mode by the author’s method. Although slide-rule accuracy is 
perhaps sufficient to obtain a fair estimate of the fundamental 
mode, it may be necessary to use 8 or more significant figures for 
obtaining the higher modes. However, it will hardly ever be 
necessary to find more than 6 modes in the case of a fixed beam and 
12 modes in the case of a symmetric free-free beam, such as an 
airplane wing. The latter case will give 6 symmetric and 6 anti- 
symmetric modes corresponding, respectively, to 3 symmetric 
and 3 antisymmetric uncoupled modes for each of the cases of 
bending and torsion. For these calculations 6 significant figures 
will ordinarily be sufficient. 


BEAM WITH ONE END FREE 


GENERAL CASE 


Consider the general case of a beam with one free end; such 
as a cantilever beam, a free-free beam, or an overhanging part of 
a simply supported beam with overhangs. A part of such a 
beam, including the free end, is shown in Fig. 1. The beam is 
considered to be weightless and to carry a series of masses each 
concentrated in a plane perpendicular to the elastic axis of the 
beam. The masses are indicated by the letter m, with appropriate 
subscript, and the moments of inertia of the plane mass about 
the elastic axis is called J, with appropriate subscript (note that 
J is not the moment of inertia of the mass about its center of 
gravity). The horizontal distance from the center of gravity of a 
plane mass to the elastic axis is called s, with appropriate sub- 
script; the distance from a mass plane to a reference cross sec- 
tion of the beam is called z, with appropriate subscript; and the 
length of beam between two consecutive mass planes is called 1, 
with appropriate subscript. All these quantities are shown 
schematically in Fig. 1. 

Fig. 2 shows the nth section of the beam, between stations n 
and (n + 1), with the left end of the section clamped. In Fig. 
2(a), there is a unit force on the right end of the section, and the 
resulting angular and linear deflections at this end are vy, and 
den, Tespectively. In Fig. 2(b), there is a unit bending moment 
at the right end of the section giving angular and linear deflections 
of vyrn and dyn, respectively. In Fig. 2(c), there is a unit torque 
at the right end of the section, and the resulting angle of twist is 
Urn. The quantities vy, dp, vy, dy, and vz are the elastic coeffi- 
cients which must be calculated for each section of the beam. The 
first four of these coefficients are interrelated in such a way that a 
change in one, which can only be brought about by a change in the 
physical make-up of the corresponding section of the beam, will 
necessitate a corresponding change in the other three. It is 
easily seen, for instance, that vey = darn, regardless of the shape 
of the bending-stiffness curve. This means that, regardless of the 
accuracy to which the bending stiffness of the beam is known, 
these four coefficients must be calculated with great care. A tabu- 
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lar method for doing this is given in the author’s paper on un- 
coupled bending vibration. 

Suppose now that the beam is being shaken either by moving 
its left end up and down with harmonic motion or by applying a 
harmonic shaking force to the beam somewhere to the left of the 
reference cross section shown in Fig. 1; and assume further that 
the strength of this harmonic excitation is always such that, re- 
gardless of its frequency, the vertical deflection of the right end 
of the elastic axisis unity. Inits extreme position the deflection of 
the nth section of the beam will then be as shown in Fig. 3. The 
extreme vertical deflection of each of the various stations of the 
beam is indicated by the letter y, with appropriate subscript; 
the corresponding angular deflection is called a, with appropriate 
subscript; the torsional deflection of the cross section about the 
elastic axis is indicated by 6, with appropriate subscript; and 
the positive directions are those shown in Fig. 3. 

With the angular frequency of the forced vibration given as 
w radians per sec, the shear force, bending moment, and torque 
immediately to the left of the nth station of the beam are given 
by the following formulas: 


i=1 
M, = m,w?(y; + 8,0;) (2, Za) [2] 
t=1 
n 
Ta = + .. (3) 
t=1 


Assuming that the amplitudes of fhe first n stations are known, 
those for station (n + 1) can now be found from Fig. 3 as follows 


an+1 = On — Opn Sn— \4] 
Yntt = Yn — — dpnSn dyunM, {5 ] 


Substituting the values of S, M, and T from Equations [1], [2], 
and [3] into Equations [4], [5], and |6] gives 
n 
= — m(y; + 8,9;) 
t=] 


t=1 


Yn+ 
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ba = 0, b = 0, and c = 0 for each of the three equations. The nine 
Yyntt = Yn — — + 8,95) equations thus obtained are 
i=1 
n 
= fon + M (Jes — 
— wdynd, + — tq)... [8] 
i= 1 n— 
n + (Ges — — Bq). [22] 
On+1 = On + J,9;) [9] 
i=1 


At the free end of the beam the following values are assumed 


where ¢ and y are arbitrary values for the angular and torsional 
deflections, respectively. Because of the linear character of the 
problem one may further write 


On = hone — ha 


where fy, f, Gor Jy» hy, h, and hy are coefficients which are 
independent of the angles ¢ and y. They will be called the 
“amplitudes coefficients,” and their values for the first section of 
the beam are determined from Equations [10], [11], and [12] 
to be 


Jo = 1 fi=0 {16} 
In = 0 n=1 | {17] 
he, = 0 h =0 [18] 


Substituting the values of a, y, and @ from Equations [13], [14], 
and [15] into Equations [7], [8], and [9] yields the following 
three equations 


Sonsie — = Sone — fn — 


n 
t=1 
n—1 
— hy + — Ms + 9+ 
t=1 


+ 8 (hese — he + hy)] (2 — 


—Gonsi + nti + = + In + 
+ guid + 8 (Avie — hy + hed) | 


[19] 


.. [20] 


— hy + hy) — 20) 
hentie — hnsi + = henge — ha + 


— + 9 + + Jilhoie 


t=] 
+ [21] 


Equations [19], [20], and [21] are all of the form ag + b + ey = 
0. As gand y are arbitrary each of these equations must be satis- 
fied regardless of their values; but this can only happen when a 


Savi = Sn + > — 8,h,) 


t=1 
+ >,m;(g; — [23] 
i=1 
= fin + Yom (Gv. + shy) 
i=1 
= gen + ln — > (Ges — 
i=] 
i=1 
= On + — w*den — 8,h,) 
t=1 
— ,m(g; — [26] 
i=1 
= + — (Gy + s,hy;) 
t=] 
n—1 
— >m,(gy; + — tn). [27] 
i=l 
henst = hen + > [28] 
= Int d — Ichi)... [29] 
t=] 
= hyn — wre + [30] 
i=] 
Now put 
n 
t=1 
t=1 
+ m,sw*hy;| = (33! 
t=1 
[m,8,wgo; — = Hon........-. [34] 
t=1 
[m,8,0%g; —Jjw%h;] = Hy... (35) 
i=] 
+ = Hyg... [26 } 


i=] 
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where 1; is the length of the jth section and, calling the bracketed 
expression in Equation [32] A,, the last summations in Equations 
|23] and [26] may be written as 


n-1 n-1 


4] = 


t=] 


Atl +.... + Aa(le +... +b) 


+... + = LAr + h(Ai + Ar) +.... .. [38] 
+ (Ar + Ar + An+) 
t 
= = Due = 
t=1 j=1 i=1 


The other summations may be obtained by simply adding the 
subscripts ¢ and y¥ to the quantities A,, G;, and G’, ;_ thus 


and Equations [22] to [30] may now be written as 


[42] 
[43] 

= Sin + + [44] 
= Gon + Lafont: — drnGen — (45 
= On + — IpnGn — dunG'n....-.. (46) 
= Wn + — — dunG'yn...-- [47] 

[49] 

[50] 


By means of Equations [42] to [50], it is now possible to start 
at the free end of the beam, with the initial values of the ampli- 
tudes coefficients given by Equations [16] to [18], and proceed 
toward the fixed end in the case of a cantilever beam; toward the 
first support in the case of an overhanging beam; and toward 
the middle in the case of a symmetric free-free beam. The bound- 
ary conditions at these places will determine the values of ¢ and 
y and the entire deflection curve for this part of the beam will 
then be obtained from Equations [13] to [15]. A tabular method 
of finding the amplitudes coefficients will be given later in an il- 
lustrative example. 


DETERMINATION OF THE NATURAL MODES FOR SYMMETRIC FREE- 
FREE BEAM 


Consider the case of symmetric vibration. As shown in Fig. 
4, the beam is assumed to be shaken up and down by a har- 
monic shaking force 2F cos wt acting at the point of intersection of 
the elastic axis with the middle cross section of the beam. After 
the amplitudes coefficients have been determined for one half the 
beam, by the method just described, the values of ¢ and y can be 
determined as follows: 
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At the middle of the symmetric beam, which will be called the 
base of the semibeam, the slope a, is obviously zero. Also, the 
torque 7’, must be zero on account of symmetry. Equation [13] 
immediately gives 


Equation [3], in connection with Equations [13] to [15], gives 
T, = Dilms(—gee + 9 + gv) + —h + hyy)] = 0.. [52] 


where the summation is to be taken for the entire semibeam in- 
cluding one half of any mass that may be concentrated at the 
plane of symmetry of the beam. 

Equation [52] may be written as 


— Liimsge — Jhe)e + (msg — Jh) 
+ (msgy + Jhy)y = 0 


which, by means of Equations [34] to [36], may be written in the 
form 


T, = + H, + [53] 
Solving Equations [51] and [53] for ¢ and y gives 
_ Soy, 
SoH oo — 
[55] 


By means of Equations [14] and [15], it is now possible to find 
all the linear deflections y and all the torsional deflections @ for 
the semibeam. Substituting these values into Equation [1], for 
the shear force, and extending the summation over the entire 
semibeam, the shear S, is obtained. This must obviously be 
equal to F or one half the amplitude of the harmonic shaking 
force. Whenever F, or S,, is equal to zero there will be a natural 
frequency. 

The value of S, may be obtained from Equations {1 |, {14}, 
[15], [31], [32], and [33] as 


S, = + G, + Guy............. [56] 


which makes it unnecessary to find the deflections y and @ except 
when they are desired for other reasons or as a check on the calcu- 
lations. 

By dividing S, by w? a function of w is obtained which is more 
convenient to plot than S, itself. The criterion for a natural 
frequency then becomes 


1 
+ Gy + = + mad) = 0.... 157] 


where the summation is to be extended over the entire semi- 
. 1 

beam. By plotting the value of - : I—Gpe + G, + Gyo), asa 


function of w, a curve such as that of Fig. 6(a) is obtained. Every 
time this curve crosses the w axis there will be a natural frequency. 
The values of y and @ corresponding to a natural frequency will 
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Fic. 5 


give the relative amplitudes curves and any natural mode of 
symmetric vibration can thus be obtained. 

Next consider the case of antisymmetic vibration. As shown 
in Fig. 5, the beam is now considered to be shaken by a harmonic 
shaking moment 2M cos wt acting in a vertical plane through the 
elastic axis and about the axis of minimum moment of inertia 
of the middle cross section of the beam. The values of ¢ and y 
can now be determined as follows: 

At the base of the semibeam, for which the amplitudes coef- 
ficients have already been determined, the linear deflection y, 
is obviously zero. Also, due to the antisymmetry, the torsional 
deflection @, must be zero. The values of ¢ and y are then ob- 
tained from the two equations 
[58] 


hee + = h, 
Solving Equations [58] and [59] gives 


+ 
+ 


Jerky — 
+ 


From Equations [14] and [15] the values of y and 6 are found for 
the entire semibeam. Substituting these into Equation [2], and 
summing over the entire semibeam, the bending moment M, 
is found. Owing to the antisymmetry, this must equal M, cr 
one half the amplitude of the shaking moment. . Whenever M, 
or M,, is equal to zero there will be a natural frequency. 

The value of M, may be obtained from Equations [2], [14], 
[15], [31] to [33], and [37] to [41] as 

M, = —G'ae + G', + Gy 

which quantity can be obtained without finding the deflections y 
and 6. Ata natural frequency, however, these deflections would 
usually be required anyway and may then be used as a check on 
the calculations. 

Dividing M, by w?, for simplicity, the criterion for a natural 
frequency now becomes 


| 
+ + = + mrs?) = 0 . . (63) 


where the summation is to be extended over the entire semibeam, 
and x is measured from the middle cross section of the symmetric 


1 
beam. By plotting the value of + G6’, + asa 


function of w, a curve such as that of Fig. 6(b) is obtained, giving 
a natural frequency for each point of intersection with the w 
axis. Each one of these natural frequencies will give a corre- 
sponding relative amplitudes curve for both y and @, and any 
natural mode of antisymmetric vibration can thus be obtained. 


UNsYMMETRIC FREE-F REE BEAM 


For this case the base will be taken at the left end, and the 
beam will be shaken by a shaking moment M, cos wt at this end. 


The boundary conditions are now that at the left end the shear 
force S, and the torque 7, must both be zero. Equations [53] 
and [56] then give 


Hee — = H, 
Gaye — = G, 
Solving these two equations for ¢ and y yields 


Gov, — Goole 


— Gres 


Ger,Hy, — 


The amplitude of the shaking moment is equal to M, and is 
immediately found from Equation [62]. Every time M, be- 
comes zero, there will be a natural frequency and, if the quantity 


1 
+ G', + is plotted as a function of w, a curve 


similar to those of Fig. 6 is obtained. 
The deflections y and @ are easily obtained from Equations |14] 
and [15] 


Fic. 6 


CANTILEVER BEAM 


For this case, the base is taken at the clamped end and the 
clamping moment is replaced by the shaking moment M cos ot. 

The boundary conditions are now that the deflection y, and 
the angle of twist 6, are both zero, which is seen to be identical 
with the case of antisymmetric vibration of a symmetric free-free 
beam. The values of ¢ and y are then obtained from Equations 
[60] and [61]. The deflections a,y, and @ are obtained from Equa- 
tions [13], [14], and [15]; and everytime y, = 0, there will be a 
natural frequency. 


Stmp_y Suprortep Beam 


The cases of a simply supported beam with or without over- 
hangs, and a beam on several supports can be treated in a simi- 
lar manner to a beam with one end free. These cases, however, 
are not as important as the ones just treated, and in order to 
save space, they are not included in this paper. 


EXAMPLES 


1 Find the amplitudes coefficients for an airplane wing with 
the elastic coefficients, masses, inertias, eccentricities, and lengths 
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TABLE 1 


| 

/0 

| 290-908 | ys77ee | | az | as |_ 

/72/ | 7.11394 | 00302234] 270 | 

| 46.3720 | 4273834] 0.00700597| 0.0/ 1 soo | 

| 0.132,995'| 0.0029/554] 0.0) =aso | 10,000 


| 2.23540 | 0.046¥359| 0.00/33964| Q005 3,000 
13,6230 | 0/333/7 | 0.00/86¥53| 20,000 
base —_ 2 __|1000,000 


TABLE 3 


0.002500 


1000085 
0.00125 
{0.0025 
0.025 
0.025 
0.0375 
0.0025 
TABLE 4 
1A, = (2) Gy 3) | Se. on 
oO ra) oO / 
100 0. 12%00 1.25 
727 0.0025 0.638 66! | 19. 500 3.7440? | 1.40170 
332.0608 |0.0999409| 9. 00 2F2 76.366 206. 297 2.82 123 
927.67! | 1.96303 | 92.6857 |976.648 | 49.2360 | 12303 
G20.395 | 291221 50.9607 12678.07 | 16.9703 
234%. 21 1199. |10,328-2 177-9 
give 
/ 2 3 4 6 defi 
orr 


| 70° for 1-/ #120 
7 | 0.00025 0.00/25 | 0. 00114447 
[0.00025 |0.00154%2 | 10.00362557 
| 27548 |0.000955-76 | 0.00472577 | 0.179902 | 0.028%64 |0.000/7974 
| 0.0012 | 0.04%6745 | 0-OF52N77 | | 0.0/40? 62 | 
2.72746 15 0097820? 10.)203)6 1576/9973 | 0.301895 |o0. 0278019 | 
4 17.013303 |0.208170 643.6 | 4.55340 100908570 
12-4666 15.0340973 11.0577? | 84.5957 


t 
| 
Ae (3)- Ang (4) | 
- - 


2 S é 


+ (1) = (5 Gy ones * fen 
for n-i for n-i for (2) 

/ 90/25" 0625 0.005, 72235 
0.202004 | 0.98750 | 0.0/3?545| 0-125 0.0822 9S" | 0.024933H4 | 
1.05977 | 0.953385 | 0.0297212 | 1-510.9S | 1.29477 |0.043,7083 
10.93 493715. 425924 4.50257 122.0572 257 
|0.7/3925 |6.0434090| |133.0/57 | 
6.00508 | 47-3949 193.639? |5./9770/ 
bese | 10.9338 |0.2%0072 02907 |100.357 | 698.263 
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TABLE 5 


(a) symmetric 50 |) Antisymmetric 


- hy = 719.3189 «70° 


C= - Fo He = U308 C* - Hg Fags = 1.37231 


= 0 003,32 830 ~ = = 0.00%30713 


2000188 36! | 


2 |0.00203400 | lo. 514394 2 1000178044 | 
| mr | 0. 1864 7/ 3 | 
| 04934004 | 4 [000144938 | | 0. 0/4016 4 10.0010! 808 
| | fo. CO/0/243 | 0.0579362 | F 10.000,720083 
|0.0743876 | 6 10.0008/24/3 0.05 28 083 6 |0.000,607/60 
5.0546 7/3 [base [0.009009/7930 ° base | 


P+ 6, + Cue ¢)= O. 


| 


given in Tables 1 and 2, when w = 50 radians per sec, and the tip 2 Find the amplitudes curve and the shaking force divided 

deflection is 1 in. by w? for both symmetric and antisymmetric vibration of the 
wing of example 1. 

Solution: The numerical calculations for this case are per- Solution: The numerical computations for this case are per- 


formed in Tables 3 and 4. formed in Table 5. 
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The Missing Data on Coal Sampling 


By B. A. LANDRY,! COLUMBUS, OHIO 


Beginning with the crude attempts at coal sampling re- 
ported 100 years ago, the author reviews the slow progress 
made down to 1916, when Bailey’s experimental work on 
sampling was incorporated in A.S.T.M. Designation D-21, 
Standard Method of Sampling Coal for Analysis. By this 
standard, which is still cfficial, the gross sample taken must 
be not less than 1000 Ib; a large number of increments are 
required involving considerable time and expense, which 
has led in many cases to taking smaller samples, causing 
uncertainty in representativeness of the samples. In 1930, 
Grumell and Dunningham, in England, modified the 
method to include the effect of ash content and size of 
piece on occurrence of impurities. Far less stringent 
sampling rules were subsequently formulated. Many 
studies were then commenced on this subject, and about 
1934, Subcommittee XIII of A.S.T.M. Committee D-5 be- 
gan to reconsider specifications for taking gross samples, 
and tentative standards (D492-43T) have been prepared. 
The present paper is devoted to classifying missing data on 
coal sampling which are needed to supply information on 
(a) consist; (6) variability of ash of pieces by float-and- 
sink method, and by direct analysis; (c) variability of ash 
of increments; supplemented by (d) collection and analy- 
sis of gross samples of specified number of increments of 
constant weight togive confirmation of established relations 
between variables involved. Four sampling experiments are 
described from which principles are developed to bring out 
one of the important characteristics affecting the sampling 
of coal. This is the degree of mixing of the coal at the 
point of sampling. 


TTENTION has recently been called (1)? to ‘‘A Re- 
port to the Navy Department of the United States on 
American Coals,” by Walter R. Johnson, Washington, 

whose publication in 1844 makes it now 100 years old. The 
purpose of this 400-page report was to give the results of tests on 
the evaporative power of some 44 coals, and the occasion, of 
course, was the impending conversion of the Navy from sail to 
steam navigation. 

A number of other properties of these coals were investigated 
and reported; among them was the ‘‘earthy matter’ or ash per- 
centage. For this determination, the procedure was to select two 
specimens, usually about 4-in. lumps, pulverize each one sepa- 
rately, place from 30 to 55 grains of the powder in thimbles and 
“incinerate” for4hoursormore. Generally, four ‘‘trials’’ or thim- 
ble samples were ignited for each specimen sample, but sometimes 
as many as eight were run. 

Table 1 shows a few of the results obtained. As would be ex- 
pected, some of the pairs of ash contents determined were nearly 
the same; others differed considerably. The ignition method 


1 Assistant Supervisor, Fuels Division, Battelle Memorial In- 
stitute. Mem. A.S.M.E. 

2? Numbers in parentheses refer to the Bibliography at the end of the 
paper. 

Presented at the Joint Fuels Meeting of THe American Society 
oF MECHANICAL ENGINEERS and the American Institute of Mining 
and Metallurgical Engineers, Charleston, West Va., October 30-31, 
1944. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 
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appears to have been quite precise, however; thus four trials 
of specimen No. 1, Beaver Meadow anthracite, gave, respectively, 
10.91, 11.09, 11.14, and 11.05 per cent ash. The variability of the 
results from different specimens does not seem to have caused 
concern except in the case of specimen No. 2 for the Henrico 
County coking bituminous coal; a third specimen was obtained, 
containing ‘‘purer plies,’’ which was found to have 6.22 per cent 
ash and thus canceled the bad impression left by the 41.56 per 
cent ash of specimen No. 2. 

The acceptance of such crude sampling methods must reflect 
the conviction of the times, that the ash content of pieces of coal 
was essentially such a variable quantity that nothing could or, 
possibly, need be done to improve the representativeness of the 
sample analyzed. The thought did occur that a larger sample 
would be more acceptable. Once, 40 lumps were taken and 
ground down, but this practice was not repeated. 

Fifty-five years later, the necessity for taking larger samples 
had, however, become recognized. A report (2) to the American 
Chemical Society, in 1899, outlined a method of sampling cars 
whereby 18 increments (grabs) were to be taken, six scoop- 
shovelfuls (unspecified weight) along each side, and six through 
the center, at equal intervals, each taken ‘‘vertically down as deep 
as it (the scoop) will reach.”” The report added that ‘‘a more 
representative (gross) sample may be secured by taking shovelfuls 
of the coal at regular intervals during the loading or unloading of 
the car.’”’ No consideration was given to the fact that the vari- 
ability of the ash content of the increments, as it might be related 
to the ash content of the coal or to the particular distribution of 
the ash in some coals, might sometimes require a larger number 
of increments for equal representativeness. 

In fact, it is doubtful if the implications of the word ‘‘representa- 
tiveness’”’ were fully recognized. In a United States Govern- 
ment sampling specification (cir. 1909) mentioned by E. G. 
Bailey (3) we find that ‘‘...The sample taken is to be selected 
proportionately from the lumps and fine coal in order that it will 
in every respect truly represent the quantity of coal under con- 
sideration.” 


TABLE 1 PERCENTAGE ASH OF VARIOUS COALS, AS RE- 
PORTED BY W. R. JOHNSON: “A REPORT TO THE NAVY DE- 
PARTMENT OF THE UNITED STATES,” WASHINGTON, 1844 


-——Ash, per cent——~ 


U. 8. Coals Specimen 1 Specimen 2 
1 Anthracite, Beaver Meadow No. 3, Pa..... 11.05 8.69 
2 Anthracite, Peach Mountain, Pa........... 6.62 6.487 
3 Non-Coking Bit. Coal, Cumberland, Md... 4.056 . 52 
4 Non-Coking Bit. Coal, Blossburg, Pa...... 4 13.246 
5 Coking Bit. Coal, Deep Run, Richmond, Va. 14.919 5.086 
6 Coking Bit. Coal, Henrico County, Va..... .72 41.56 
7 Coking Bit. Coal, Midlothian Coal Co., Va. 4.800 4.375 
8 Coking Bit. Coal, Pittsburgh, Pa.......... 4.17 3.26 
Foreign Coa 

9 Bituminous Coal, Liverpool, England..... 1.120 2.940 
10 Bituminous Coal, Scotland............... 12.325 14.870 


The hope that a sample of such a heterogeneous material as 
coal could ever be truly representative of the average ash was dis- 
pelled by Bailey who saw that the ash content of accurate samples 
must still show variability, and proposed that acceptable repre- 
sentativeness be expressed as the probability or chance, not the 
certainty, that the ash found will be within a certain preassigned 
range around the true average being sought. 

Bailey’s experimental work on sampling, as reported (3), con- 
sisted of riffle tests with marked pieces of coal to designate 
pieces of high impurity. From the occurrence of divided samples 
containing more than their share of high impurities, he extra- 


a 
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polated to the chance of such occurrences in the original coal and 
arrived at large weights of gross samples as the means of fulfilling 
acceptable requirements of representativeness. 

These findings were incorporated by the American Society for 
Testing Materials, in 1916, through the adoption of A.S.T.M. 
Designation D-21, Standard Method of Sampling Coal for 
Analysis (4). By this standard, which is still official, the gross 
sample taken must not be less than 1000 lb. For small coals, 
increment may be 5 to 10 lb, so that from 200 down to 100 of them 
must be taken uniformly over the lot of coal sampled. For run- 
of-mine or lump, increments may be from 10 to 30 Ib each, and 
thus from 100 to 34 increments must be taken, to make the 1000- 
lb. gross sample. 

There is no doubt that a large number of gross samples have 
been and, possibly, are now taken on the basis of A.S.T.M. D-21. 
However, the considerable expense and time involved un- 
doubtedly also led to the taking, in many cases, of smaller sam- 
ples. The consistency of the results so obtained eventually 
brought about an empirical acceptance of less stringent sampling 
procedures by coal samplers; but these were not uniform, nor 
even publicized, so that in sampling practice a situation poten- 
tially dangerous, because of the uncertain degree of representa- 
tiveness of samples, was becoming the rule rather than the ex- 
ception. 

To Grumell and Dunningham (5), in 1930, belongs the credit 
of having reopened the question. While admitting the value of 
Bailey’s work for gross-sample reduction to laboratory size, they 
were led to modify his extrapolation process to include the effect 
of ash content and of size of piece on the occurrence of impurities. 
These considerations brought about the formulation of far !ess 
stringent sampling rules than those of A.S.T.M. D-21. Since 
then, the British have done a considerable amount of investiga- 
tion of the results obtained by these new sampling rules. Never- 
theless, the present British Standard (6) is very nearly that first 
suggested by Grumell and Dunningham. 

Following Grumell and Dunningham, many workers began 
studies of the theory and practice of coal sampling, and a sub- 
stantial bibliography has accumulated. Important references 
can be found in Bushell (7), Morrow and Proctor (8), and 
Grumell (9). Around 1934, Subcommittee XIII, of A.S.T.M. 
Committee D-5, began to reconsider specifications for taking gross 
samples, and tentative standards have been prepared, of these 
the latest is designated D492-43T (10). 


Tue ProBieM or Coat SAMPLING 


Starting with Bailey (3), all calculations for the number of in- 
crements (grab samples) required to give a gross sample of pre- 
assigned acceptable representativeness have been based on the 
use of a formula of the simple form 


where N is the number of increments required, V is a measure of 
the variability of the ash percentage of all the increments in the 
coal when this is known, and » is a measure of the variability of 
the ash percentage of gross samples of acceptable representative- 
ness. Sometimes, this formula has been expressed as 


or as 


but these are obviously equivalent forms. Various measures, all 
‘precision measures,” have been used for the variabilities V 
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and v. They are called ‘‘probable error,” ‘‘average error,’’ or 
‘standard deviation.”” These variations in usage have caused a 
few misconceptions but, generally speaking, have not invalidated 
the method. 

There has also been complete agreement on the method of de- 
termination of v, the variability of acceptable gross samples, al- 
though the American and the British standards of ‘‘acceptability,”’ 
at present, differ somewhat. 

The main problem, which has concerned workers in the field of 
coal sampling for the last 15 years, has been the investigation 
of the nature of V, the variability in ash percentage of the coal to 
be sampled, in order to make it possible to relate this variability 
to definite characteristics of the coal, such as the size of the pieces 
and the approximate average ash content, and to the main 
character of the increments, which is of course their weight. 

, The usual approach for this study has been rather empirical, 
however, and has not led, until recently, to specific and definite 
relations. Nevertheless, from the extensive sampling experience 
obtained, there has accrued a remarkable sense or estimate of the 
number of increments required for acceptable accuracy. Another 
way of expressing this thought is to say that the theoretical ap- 
proach has lagged somewhat behind the experimental. For that 
reason some of the conclusions which could be derived from exist- 
ing sampling experiments have been overlooked and _ specific 
directives for new experimental work have not been fully recog- 
nized. The object of this study is to inquire into the nature of 
these missing data on coal sampling in the light of recent develop- 
ments in the theory of coal sampling. 


REPRESENTATION OF VARIABILITY AND MEANING OF ACCEPTABLE 
VARIABILITY OR REPRESENTATIVENESS 


The variability of the ash content of pieces of coal, or of incre- 
ments, or of gross samples composed of a given number of in- 
crements, can be represented very simply. Fig. 1 shows, as an ex- 
ample, the variability of the ash content of 50 increments, of 8 Ib 
weight each, of a raw nut-slack (0 X 2-in.) coal from Western 
Pennsylvania (11). Each increment was analyzed separately, 
and the step curve shown was plotted after rearranging the ash 
percentages found in an ascending order. The scale of abscissas 
is arbitrary in length but, of course, the same length of step is 
assigned to each increment; multiple lengths of steps represent 
multiple increments of the same ash percentage. 

Had a larger number of increments been taken and analyzed 
separately, the number of steps in the curve would have increased 
proportionately, but the chances are that the general shape would 
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have maintained itself, while becoming more smooth. Thus it 
can be assumed that the curve shown represents very nearly the 
variability associated with all possible 8-lb increments of the coal 
that was sampled. 

The horizontal line shown intersecting the ordinate at 10.2 
per cent ash represents the average ash of 50 increments. The 
two broken lines at 9.2 and 11.2 per cent ash thus define a range of 
variation of +1 per cent ash from the average, and the curve 
shows that of the 50 increments taken only 20, or 40 per cent, had 
an ash content within this range from the average. 

If it is assumed that the curve, representing the variability of 
all possible 8-lb increments of this coal, also passes through these 
two points, then it is clear that only 40 per cent of all the incre- 
ments in the coal would be expected to have ash percentages 
within the range 9.2 to 11.2 per cent. . 

Representativeness of an Increment. From the diagram, shown 
in Fig. 1, a clear idea of the meaning of the representativeness of a 
single sample can be obtained. Let an 8-lb increment be taken at 
random from the lot of coal considered and assume that the 
possibility of true random selection implies that the chance of 
taking a designated increment is the same as the chance of taking 
any other increment; it follows that the increment actually 
taken has an equal chance of being any one of all those repre- 
sented by the curve. Therefore, the chance that the ash per- 
centage found will be between 9.2 and 11.2 per cent ash is exactly 
40 per cent. 

Thus the representativeness of a single 8-lb increment from this 
lot of coal is said to be such that 40 times out of 100, in the long 
run, the ash percentage found will be within the range average 
ash +1 per cent ash. 

Fundamental Law of Sampling. The fundamental fact upon 
which all sampling is based is that, if a number of increments of a 
specified weight are taken and combined together into a gross 
sample, then the representativeness of the gross sample will be 
increased as compared to that of the individual increments. In 
other words, the curve of variability of all such gross samples will 
be flatter than that of the increments and the chance will increase 
that the ash percentage found will be within a preassigned range 
about the true average. 

Acceptable Variability or Representativeness. By taking a 
sufficiently large number of increments, it is possible to obtain a 
gross sample such that the probability of its ash content falling 
within a given range around the true ash content is as great as is 
desired, although, of course, certainty cannot be achieved. 

Gross samples of low variability ordinarily have ash contents 
which are distributed very closely to a so-called normal law. 
Fig. 2 shows examples of variability curves for ash percentages of 
gross samples following normal-law distributions which have ac- 
ceptable variability as defined by the British Standards Institu- 
tion and by the American Society for Testing Materials (tenta- 
tive, 1943). 

Three sets of variability curves are shown for coals of 8, 10, and 
15 per cent ash, respectively. For the British standard the speci- 
fication calls for a number of increments such that gross samples 
composed of them will have 99 chances out of 100, in the long run, 
of having an ash content within + 1 per cent ash of the true average 
independently of the ash percentage of the coal. Thus the three 
B.S.I. curves of Fig. 2 show the same variability. 

The tentative A.S.T.M. standard calls for a lowering of ac- 
curacy or a permissible increase in variability as the average ash 
of the coal is higher in percentage and, conversely, an increase in 
accuracy as the percentage ash of the coal is lower. This is ac- 
complished by defining the range as + 10 per cent of the ash per- 
centage. Consequently, as shown by the middle set of curves, the 
range is the same for both standards, for a 10 per cent ash coal, 


since 10 per cent of 10 per cent is 1 per cent. But, for the 15 per 
cent ash coal, the range is 1.5 per cent and for the 8 per cent 
ash coal it is +0.8 per cent. In addition, in the A.S.T.M. tenta- 
tive standard, the number of increments required is allowed to 
be such that the gross samples will have as few as 95 chances in 
100 (instead of 99 for the British) of falling within the assigned 
range. 

The relative compensations introduced by the A.S.T.M. 
definition of acceptable accuracy are such that, for a 7.6 per cent 
ash coal, the accuracy of both systems is the same. This is sug- 
gested in Fig. 2, by the fact that the two curves almost coincide 
for the 8 per cent ash coal. On the other hand, from the 15 per 
cent ash coal, a gross sample acceptable to the A.S.T.M. would 
have only 80 chances in 100 of falling within the British range of 
+1 per cent. 
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Fig. 2 CoMpaRISON OF ACCEPTABLE AccuRACY OF Gross SAMPLES, 
British STANDARDS INSTITUTION AND AMERICAN Socrety For 
Testing MATERIALS (TENTATIVE) 


THE MEASURE OF VARIABILITY 


The curves, shown in Figs. 1 and 2, to represent the variability 
of increments or of acceptable gross samples, can all be assigned 
a numerical value to represent quantitatively their respective 
variabilities. Mechanically speaking, this characteristic number 
is the moment of inertia of the curve about its average height 
(12). Statistically speaking, it is the square of the standard 
deviation of the points of the curves. For a given set of data, as 
in Fig. 1, this is calculated by the formula 


2 
(Standard deviation)® = = 2% (=) [2] 
n n 
when the y; are the ash percentage of each increment, n the num- 
ber of them, and = means the operation of summation. Perform- 
ing this calculation on the data represented in Fig. 1 would give 
o? = 4,292. 

The (standard deviation)? of the curves of gross samples in 
Fig. 2 are calculated from an expression developed by LaPlace 
(13). They are, respectively, for the B.S.I. curves: ¢? = 0.15073 
and for the A.S.T.M. tentative curves: o? = (0.0026033)y?, 
where 7 is the average ash of the coal. 
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CALCULATION OF NUMBER OF INCREMENTS REQUIRED FOR 
Gross SAMPLES OF ACCEPTABLE ACCURACY 


As mentioned earlier, in connection with Equation [1], the 
number of increments required to give gross samples of acceptable 
accuracy can be calculated by 


when V? is the (standard deviation)? of the increments, and v? is 
the (standard deviation)? of the acceptable gross samples. If we 
let o? represent the variability of increments of weight W of a 
given coal, then the number of required increments for the B.S.I. 
standard is consequently given by 


while if the same coal has approximately y per cent ash, the re- 
quired number of increments to fulfill the A.S.T.M. tentative is 
given by 


VARIABILITY IN ASH CONTENT OF INCREMENTS 


Neither Equation [3] nor [4] can, of course, be solved for N 
unless o? for a given coal is known. As mentioned earlier, the 
evaluation of oy, in terms of general coal characteristics, is the 
main problem of coal sampling and is fundamental for the es- 
tablishment of correct sampling specifications. 

In a recent work (14) the author has given the derivation of a 
general expression for o?y. If the variation in size consist of 
different increments is disregarded, this expression is 


where W is the weight of the increment, w is the weight-weighted 
average weight of piece (defined later), o?w is the measure of 
variability (standard deviation)? of the ash percentage of this 
average weight of piece, and the exponent (a — 1) expresses the 
degree of randomness with which the ash is distributed throughout 
the lot of coal being sampled. 

Equation [5] has the advantage that it can be linearized by 
writing it as 


Ww 
log o?w = log o43 + (a — 1) log go [6] 


This means that a log-log graph of the equation is a straight line, 
so that, as will be seen, the graphical use of this equation is greatly 
simplified. 

Weight of Increment. Of the four variables contained in Equa- 
tion [5], only one, the weight of increment W, is arbitrary. The 
rule in selecting the weight W is that it must be large enough, in 
comparison with the weight of the largest piece of coal in the lot 
to be sampled, that there will be little possibility of introducing 
bias in the sampling through the rejection of one of the large 
pieces present when several of them happen to be at the point of 
sampling; of course, the use of Equation [5] implies that the 
weight W used for the increment will be constant during the tak- 
ing of each increment forming the gross sample as well as for all 
other gross samples so taken to meet the long-run requirement. 

Average Weight of Piece. The average weight of piece w of 
Equation [5], when the coal to be sampled does not have all of its 
pieces of the same weight, depends upon the consist or size 
distribution of the pieces. In addition, this average weight is not 
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the common average whereby the sum of the weights of the pieces 
present would be divided by the number of pieces, but rather it is 
a weight-weighted average given by the expression (15) 

zw 


v = 


Ww Dw; 


where the %; are the individual weights of the pieces, 2 is the sign 
of summation, and W =  Yw, is the sum of the weight of the 
pieces. 

For example, if we assume a specific gravity of 1.3 and a uni- 
form distribution of sizes between the 1-in. and the 2-in. sizes of a 
coal, then the simple average weight of piece for this range of sizes 
would be 0.111 lb. On the other hand, if we take the average con- 
sist of the 38 Appalachian coals reported by Malleis (16), and use 
same specific gravity, the value of the weight-weighted average 
weight of piece, for the same 1 X 2-in. interval (round hole) is 
w = 0.087 lb, indicating how the effect of the consist and of the 
method of weighting bring out the importance of the smaller-size 
fractions within the range. Relatively simple means exist of cal- 
culating this average weight of piece for coals of known consist 
(17). 

Variability of Ash Content of Pieces. The variability of the ash 
content of the pieces in a lot of coal is the direct result of the 
variability of the ash in the bed of coal. It is well known, of 
course, that the variability of ash contents of adjoining large 
portions of the bed is small. Thus if coal were quarried, so to 
speak, and each user was content to receive very large blocks of 
coal, there would be practically little difference between the aver- 
age ash of each shipment, so long as operations were localized and 
portions of the formations extraneous to the bed were not in- 
cluded. 

However, as the bed coal is broken into smaller pieces, the vari- 
ability of ash content of the pieces usually increases more and 
more as the broken pieces are smaller. From one point of view, 
this is required because the ultimate particle would necessarily 
be either pure inorganic or pure organic and thus presents a maxi- 
mum of variability. Exceptions to the rule occur when the basic 
ash distribution in the coal bed so affects the breakage of coal 
that impurities are more highly concentrated in certain sizes or 
when degradation of friable coals augments the proportion of low- 
ash pieces in the smaller sizes. 

Fortunately for coal-sampling studies, the variability of ash con- 
tent of single pieces of a given size can be determined rather 
easily without having to determine the ash percentage of each 
piece. This is owing to the fact that any disturbance in the ar- 
rangement of the pieces in the original lot of coal does not affect 
the variability of their ash content and, consequently, float-and- 
sink methods can be used. This is not true of the variability of 
increments since the particular arrangement or distribution of the 
pieces of variable ash, in the lot, affects the average ash content of 
the increments very materially, as will be shown later. 

Fig. 3 is an example of the application of the float-and-sink 
method for the determination of the variability of the ash per- 
centage of single pieces of coal. The step curve shown is a plot 
of the average ash content of successive floats and the final sink, 
against the cumulative weights of coal separated, multiplied by 
the inverse ratio of specific gravities, in order to pass from cumu- 
lative weights to cumulative number of pieces; thus the length 
of step for float at 1.4 specific gravity is proportional to the 
weight of floated material, multiplied by 1.3/1.4 to convert from 
cumulative weight to cumulative number of pieces, and so on. 

Passing a curve through the steps on the basis of equality of 
areas included and excluded gives what may then be assumed to 
be a close representation of the actual ash percentage variability 
of the pieces. The coal in Fig. 3 was a raw coal, size 5/1 X */s 
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5/16 X 3/s-In. From WESTERN PENNSYLVANIA 


in., from Western Pennsylvania, with a w = 0.00096 Ib. From 
the curve, it is seen that a single piece of this weight from this coal 
would have about 4 chances out of 100 of falling within the range 
12.1 to 14.1 per cent around the true average of 13.1 per cent. 
Calculation of the (standard deviation)? or o?@ by taking the 
ash percentage at 50 equidistant points and applying Equation 
gave = 382. 

Available data from 15 raw coals, for which float-and-sink test 
had been made on a number of close size ranges have been studied 
by this method (18). Only those coals which showed an increase 
in variability with decrease in size were included since the fulfill- 
ment of sampling requirements for them would obviously lead to 
safe oversampling rather than undersampling for other type coals. 

From this study, it has been possible to arrive at relations be 
tween not only the variability of the ash of pieces of coals and the 
weight of piece but also between the variability and the average 
ash content of the coal. 


Fig. 4 has been prepared from the relations obtained. The vari- 


500 


Pieces oF “AVERAGE” Coats oF DESIGNATED AVERAGE ASH PER- 
CENTAGES TO WEIGHT OF PIECES 


ability or (standard deviation)? of the ash percentages for single 
pieces of ‘‘average’’ 8, 10, and 15 per cent ash coal is given as a 
function of the weight of piece. The three curves show that the 
variability decreases with increase in weight of piece and in- 
creases with increase in the average ash of the coal. The latter 
relation, of course, would not be expected to continue indefinitely 
but to pass through a maximum at around 50 per cent ash since a 
‘coal’ having 100 per cent ash would have no more variability 
than a ‘‘coal” having zero per cent ash. 

The size designations, represented by vertical intersections 
with the curves in Fig. 4 represent the weight-weighted average 
weights of pieces, calculated on the basis of the average consists 
established by Malleis (16, 17). : 

The curves in Fig. 4 have not been extended beyond a weight 
of piece of 0.16 lb, corresponding to about a 2-in. piece. Paucity 
of data beyond this size is such that extension is not thought per- 
missible, although in the original publication on which this study 
is based, extension to 6-in. pieces was attempted (19). 

Effect of Mixing. The effect 
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were mixed to perfect randomness. Perfect randomness of mixing 
(slope of —1.000) means that, given the ash content of a given 
piece, the possibility that the ash content of neighboring pieces in 
the increment will be similar depends upon an infinitesimally small 
chance. A reduction in the absolute value of the slope, toward 
the rather flat initial curve of slope —0.075, means, on the other 
hand, that the chance that neighboring pieces will have similar ash 
contents becomes nearer and nearer to certainty. If small neigh- 
boring ‘“‘regions” are substituted for neighboring pieces, then the 
evidence of face samples of coal beds confirms this statement (20). 

The degree of mixing is then represented by the term (a— 1) of 
Equation [5], which is the slope of the variability relations. Be- 
tween the original slope and the slope of —1.000, representing the 
maximum degree of mixing obtainable with blind forces, there 
exists an infinity of slopes representing different degrees of mixing 
corresponding to the method of loading of the broken coal, screen- 
ing operations, and coal-cleaning operations, which all effect 
changes in the relative positions of the pieces with respect to their 
initial position in the unbroken bed and bring on a greater 
measure of randomness. The broken lines of slope —0.300 
represent just one of these different possible degrees of mixing. 

Fig. 5 shows how important the factor of mixing is on the 
number of increments required for gross samples of acceptable 
accuracy for 10 per cent ash coals. The intersection of the sloped 
lines with the weight-of-increment ordinates at the bottom right- 
hand corner of the diagram gives the number of increments re- 
quired (21), with the scale of increment numbers given by 

= 0.2603 N in accordance with the A.S.T.M. definition of 

accuracy. Thus a perfectly random-mixed !/, X 5/s-in. ‘‘aver- 
age”’ 10 per cent ash coal would require only one 2-lb increment; 
whereas, if the state of mixing corresponds to the slope of —0.3, 
then about 120 increments of 2 lb each would be required for a 
gross sample of the same accuracy. Similarly, a perfectly random- 
mixed 0 X 2-in. size from the same coal would require four 6-lb 
increments, while if only slightly mixed to a slope of —0.3, the 
corresponding number of 6-lb increments would be about 140. 

Incidentally, the diagram, Fig. 5, shows also the effect of incre- 
ment weight on the number of them required for gross samples of 
the same accuracy. For example, a 0 X 3/s-in. size of this same 
coal, if mixed only to a slope of —0.3, would require 68 two-lb incre- 
ments, 60 three-lb increments, 55 four-lb increments, or 48 six-lb 
increments. Thus, in general, the total weight of gross sample 
increases with the weight of increment taken; so that the weight 
of increment should be as small as possible, but should not be so 
small as to cause bias from the noninclusion of all the larger 
pieces of coal that may present themselves to the scoop. 


Samptinc Data SHowrnG ImportTANcE OF Mixina Factor 


The following four sets of data, from sampling experiments, will 
illustrate the principles developed and show how the graphical 
method associated with Equation [6] can be used to bring out the 
important characteristics that affect the sampling of coal. These 
data have been collected and were supplied by a large Western 
Pennsylvania coal producer. 

Coal 1. Hand-Loaded Conveyer Raw Coal, 0 X #/s In., Pan- 
handle District of Western Pennsylvania, Pittsburgh Bed: 

Fifty parallel gross samples, consisting each of 5 increments of 
approximately 2.5 lb weight each, were taken by cutting across 
the stream of coal at the sampling station. As each increment 
was taken, it was placed, in rotation, in one of the fifty receptacles 
provided. Thus each gross sample represented an ‘‘orderly” 
sample (22) over the lot of coal sampled. Each gross sample was 
then reduced to laboratory size and analyzed for ash. 

The step curve in Fig. 6 represents the 50 ash percentages 
found, after rearranging in an ascending order. The average ash 
of the fifty samples was 10.51 per cent and the (standard devia- 
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tion)? or measure of the variability of the fifty samples was 
o? = 0.202. 
The smooth curve, shown in Fig. 6, represents the acceptable 
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Fig. 6 VARIABILITY OF ASH PERCENTAGE OF 50 Gross SAMPLES, 

Eacu Consisting or Five 2.5-Lp INCREMENTS FOR A O X 3/s-IN. 

Raw Coat, Hanp-LoapED CoONVEYER, FRoM PANHANDLE D1stTRICT 
OF WESTERN PENNSYLVANIA, PirtspuRGH BED 


(Step curve, o? = 0.202. Smooth curve is A.S.T.M. tentative standard of 
accuracy for gross samples of this coal o? = (),287.) 


A.S.T.M. (Tentative) accuracy for gross samples from this coal. 
Its (standard deviation)? is given by 


= (0.0026033) (10.51)? = 0.287 


and it is seen that 95 per cent of the gross samples, whose ash 
would be represented by this curve, would fall within the range 
(10.51 + 1.05) per cent ash. 

The step curve representing the sampling data had a lower 
(standard deviation)? and higher accuracy, since 98 per cent of 
the gross samples fell within the range. Thus the coal was slightly 
oversampled. The reason for this appears in Fig. 7. 
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Fic. 7 VARIABLES AFFECTING SAMPLING OF COAL 1 


Fig. 7 brings together the four fundamental variables affecting 
the number of increments required for a gross sample of accepta- 
ble accuracy for this coal. These are: (a) the average weight of 
piece for the 0 X 3/s-size range; (b) the variability or (standard 
deviation)? of ash percentage of this weight of piece; (c) the de- 
gree of mixing at the point of sampling, represented by the slope 
of the full inclined line; (d) the arbitrary weight of the increments. 
The intersection of the sloping line with the vertical line at an 
increment weight of 2.5 lb shows that slightly less than four 
increments, would have been sufficient to sample this coal, in- 
stead of the five used. This conclusion was obtained as follows: 

The variability of ash content of the broken coal in the bed was 
assumed to be that of coal N from Bureau of Mines data (18). 
This has been plotted as the upper curve of slope —0.093. The 
“‘average’”’ coal variability curve corresponding to those in Fig. 4, 
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for a 10.5 per cent ash coal, could however have been used just 
as well, as the two would have been practically superposed. 

The assumption was then made that the average weight of 
piece for the 0 X #/s-in. range was that which has been determined 
from Malleis’ data (17). This is @ = 0.000251 and gives the 
point marked 0 X 3/s in the upper curve. 

Now the original sampling data had been obtained by taking 
five 2.5-lb increments for each gross sample. Joining the point 
of intersection of 2.5-lb increments with the 5-increment line to 
the 0 X %/s point gives the broken line of slope —0.569 shown. 
The fundamental assumption made in the sampling of this coal 
was therefore that the state of mixing corresponded to that 
shown by the broken line. 

From the (standard deviation)? obtained for these gross sam- 
ples of five increments, it is possible to calculate the true degree 
of mixing. Write Equation [1] as 

V2 
N 


v= 


where v? is the (standard deviation)? obtained, N is the number of 
increments taken, and V? is given by Equation [5] 


w\* 


w 


= ow = ¢ 


where o?y is the (standard deviation)? of the increments, o7@ is 
the (standard deviation)? of the pieces of average weight @, W is 
the weight of increments, and z is the unknown degree of mixing 
or ‘‘slope.””. Combining these two expressions, solving for z, and 
replacing the letters by their numerical values gives 


(5) (0.202) 
g 


lo 
27 
z = (a— 1) = = — 0.605 
9.000251 


This is the slope of the inclined full line in Fig. 7, giving the 
proper number of increments of any weight for gross samples of 
acceptable accuracy. 

The result shows that the coal sampled was more effectively 
mixed, toward the random state, than had been assumed; this 
was the cause of the oversampling noted in connection with Fig. 
6. The slight degree of oversampling, however, is due to the 
proximity of the assumed (broken line) and the actual (full line) 
slopes or degrees of mixing. 

Coal 2. Mechanically (Wet) Cleaned Coal, 0 X 3/3 In., Youghio- 
gheny District of Western Pennsylvania, Pittsburgh Bed: 

Fifty parallel gross samples, consisting each of four 2.5-!b 
increments, were taken by orderly cutting of a stream of 0 X 
5/s-in. cleaned coal. The step curve in Fig. 8 represents the ash 
percentages of the 50 samples. All of the samples fell within the 
limits of (6.84 + 0.68) per cent ash, although this does not mean 
that, in the long run, this would always happen. The (standard 
deviation)? of the step curve is 0? = 0.0247. 

The smooth curve in Fig. 8, whose (standard deviation)? is given 
by o? = (0.00026033) (6.84)? = 0.1218, represents the variability 
of acceptable gross samples from this coal by the A.S.T.M. 
standard. The coal was obviously oversampled. 

Fig. 9 shows why the coal was oversampled. The upper line of 
slope —0.075 represents the relation of (standard deviation)? to 
weight of piece for an “average” coal of 6.8 per cent ash (23). 
Because this is a cleaned coal this line no longer represents the 
variability of the original coal as it existed in the bed, but rather 
of an “equivalent” coal, resulting from the effect of the cleaning 
operation on the ash variability of the pieces, if such a coal can be 
pictured restored to bed form. 


The average weight of piece for the minus 2/s-in. cleaned coal 
was taken as equal to that of average raw Appalachian */s-in. re- 
sultant, on the assumption that the fines were returned to the 
cleaned coal to restore the consist, approximately. 

The broken line of slope —0.600 represents the assumption 
made in the sampling experiment, whereby four 2.5-lb increments 
were used for each gross sample. 

The full line of slope —0.768 was determined, as in Coal 1, by 
the following calculation 


116 


The intersection of this line with the 2.5-lb increments vertical 
shows that a single increment would have been sufficient to give 
an acceptably accurate gross sample. 

The departure of slopes of the full and broken lines represents 
the error in the estimate of mixing and, in a way, the measure of 
oversampling. 

Coal 3. Mechanically Loaded Raw Coal, 0 In., Panhandle 
District of Western Pennsylvania, Pittsburgh Bed: 

The two examples given were of oversampled coals. This ex- 
ample refers to an undersampled coal. Fifty parallel gross sam- 
ples, obtained in the manner described for Coal 1, were taken, 
each consisting of five 2.5-lb increments (approximately). The 
coal was a 0 X 5/s-in. mechanically loaded raw coal. 
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Fig. 8 VARIABILITY OF ASH PERCENTAGE OF 50 Gross SAMPLES, 

Eacu ConsisTING OF Four 2.5-LB INCREMENTS FOR A X 3/3-IN. 

Wet CLEANED From YOUGHIOGHENY District oF WESTERN 
PENNSYLVANIA, PITTSBURGH BED 


(Step curve, ¢? = 0.0247. Smooth curve is A.S.T.M. tentative standard of 
accuracy for gross samples for this coal; o? = 0.1218.) 
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The step curve in Fig. 10, shows the ash variability of the 50 
gross samples. Only 28 per cent of the gross samples had ash 
percentages within the range (13.30 + 1.33) per cent ash around 
the average. The (standard deviation)? of the step curve is ¢? = 
6.272. 
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Fig. 10 Curve or VARIABILITY OF ASH PERCENTAGE OF 50 Gross 

Sampues, Eacu oF Five 2.5-Lp INCREMENTS FOR AO X 5/s-In. ME- 

CHANICALLY LOADED Raw FrRoM PANHANDLE DISTRICT OF 
WESTERN PENNSYLVANIA, PITTSBURGH BED 


(Step curve, o? = 6.272. Smooth curve is A.S.T.M. tentative standard of 
accuracy for gross samples of this coal; o? = 0.461.) 


The smooth curve, shown in Fig. 10, represents what would be 
the acceptable variability (A.S.T.M.) for gross samples of this 
coal; its (standard deviation)? is given by 


a? = (0.0026033)(13.3)? = 0.461 


The coal was obviously considerably undersampled. 

Fig. 11 shows the correct number of increments required and 
the reason for the undersampling. For the variability of ash per- 
centages of the broken coal, still in the bed, the relation given for 
coal K, from Bureau of Mines data (18), was used. This differs 
very little from that of the ‘‘average’’ coal of 13.3 per cent aver- 
age ash content. 

The designated average weight of piece for the 0 X 5/s-in. size 
range, 0.001126 lb, was as for the average Appalachian coals used 
for the previous examples. The broken line represents the 
assumed degree of mixing, implicit in the use of 5 increments of 
2.5 lb weight, for the sampling of this coal. Calculation of the 
true degree of mixing, as for the previous coals, gave 


(5) (6.272) 


lo 
70 
z=(a—1) = = — 0.321 
5.001126 


which is the slope of the full line shown. Intersection with the 2.5- 
lb increment vertical shows that approximately 67 increments 
would have been required, instead of five, to give gross samples of 
acceptable accuracy. The coal was thus grossly undersampled, 
because so very little mixing took place between the face and the 
point of sampling. Comparison of loading and other handling 
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methods, for this coal, with corresponding mixing operations of 
Coal 1, should reveal interesting reasons for the considerabie de- 
parture in degree of mixing for the two coals. 

Coal 4. Hand-Loaded Raw Coal, 0 X 1'/s In., Panhandle 
District of Western Pennsylvania, Pittsburgh Bed: 

The sampling data for this coal are of interest because the 
origin of this coal is probably the same as that of Coal 3. How- 
ever, the data for Coal 4 were obtained 2 years earlier than those 
for Coal 3. 

Fifty parallel gross samples, each composed of 35 increments of 
4 |b weight, were taken of the 0 X 11/s-in. size of this raw coal. The 
step curve in Fig. 12 shows the ash variability of the gross sam- 
ples obtained. The (standard deviation)? of these experimental 
samples was o? = 0.286. 

The smooth curve whose (standard deviation)? is given by 


o? = (0.0026033) (12.8)? = 0.427 


is less than that for the samples obtained. The coal was thus 
oversampled. 

Fig. 13 gives the sampling characteristics of this coal. The rela- 
tion of variability of ash of pieces to their weight was taken to be 
that of Coal K, as in Coal 3. The average weight of piece for the 
0 X 1!/s-in. range was taken as 0.00596 lb, in accordance with 
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the average Appalachian coals. The broken line of slope —0.458 
represents the initial assumption of mixing, implicit in the use 
of 35 increments for this coal. 
culated to be 


The full line, whose slope was cal- 


_ (35)(0.286) 


og 
295 
= (a— 1) 


| 

| 
S 
q 


0.00596 


represents the actual degree of mixing of this coal. The inter- 
section of this line with the 4-lb increment-weight vertical shows 
that only about 23 increments were necessary for an accurate 
gross sample of this coal; in other words, the actual mixing was 
more random than had been assumed; hand-loading of this coal 
probably accounts for the increased mixing, as compared to Coal 3. 


ESTABLISHMENT OF SAMPLING SPECIFICATIONS 


The foregoing developments show that the establishment of 
general sampling specifications is not an easy matter, if both over- 
sampling and undersampling are to be avoided, but gross sam- 
ples of preassigned accuracy are to be obtained. 

It is believed, however, that Equation [5] 


(a—1) 
w 


and its simple logarithmic expression furnish the correct theo- 
retical approach for the study of those variables which may be 
called the sampling characteristics of coals. 

The examples given, however, were all concerned with only 
one of the four variables in the right-hand side of the equation, 
this being the exponent (a — 1) representing the effect of mixing. 

Two of the three other variables involved could also have been 
studied by the same method, had data been available. These are 
(a) the effect of consist on the average weight of piece, in a given 
size range, and consequently on the variability of the increments, 
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and (b) the effect of variability of the ash of the individual pieces 
of coal, in relation to the weight of the pieces and the average ash 
of the coal, on the variability of the increments. 

Log-log plots used, such as Fig. 14, show, for example, that a 
modification of consist favoring the larger-size fractions would by 
displacing the size designation to the right require, with the same 
mixing effect, a larger number of increments. Conversely, a con- 
sist running toward the fine sizes, in a given range, would allow 
taking fewer increments, everything else being the same. 

Similarly, a displacement upward of the curve of ash variability 
of the pieces would necessitate taking more increments, while a 
lower variability of pieces would lower the required number of 
increments. 

The remaining factor of weight of increment has received some 
study from the point of view of the bias that may be introduced 
when using weights that are too small (24); this need not be dis- 
cussed here. 

Effect of Coal-Mixing Operations on Sampling Specifications. 
The four examples of sampling data, given previously, can be 
used to show how the matter of coal-mixing operations, during 
the course of mining, loading, screening, washing, crushing, and 
so on, may affect sampling specifications. 

The four coals studied were found to have the following mixing 
““exponents:” 


Degree of mixing at 


Coal point of sampling 
1 —0.605 
2 —0.768 
3 —0.321 
4 —0.520 


The exact causes for these different degrees of mixing could 
only be investigated at the mine and tipple. However, the fact 
that such variations in degree of mixing could occur is justifica- 
tion enough to show the result on sampling specifications. 
Figs. 14, 15, and 16 have been prepared for this purpose. Three 
possible slopes, representing approximately the extremes and the 
median degrees of mixing of the coals studied, were taken as 
—0.7, —0.5, and —0.3; the three figures being, respectively, for 
‘‘average” coals of 8, 10, and 15 per cent ash. The size designa- 
tions are the average Appalachian mentioned before. 

The intersections of the inclined lines with the verticals at in- 
crement weights, give in the right-hand scale the corresponding 
required number of increments for the A.S.T.M. (tentative) 
accuracy. This follows from the fact that Equations [4] and 


[5], combined, can be written as 
Ww (a—1) 
w 


Table 2 summarizes these results and brings them together for 
comparison with the present tentative A.S.T.M. specifications. 
The departures from the specification are quite large in many in- 
stances. 

Of course, any single specification must be based on a com- 
promise. One natural question is whether enough representative 
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data have been collected to arrive at a median compromise. 
Another question is whether a number of classifications, reflecting 
methods of coal handling and preparation, should be made so as 
to lead to an equal number of compromises between sampling 
characteristics of similar coals. 

Table 2 shows two interesting facts that have been mentioned 
earlier (25) and need not be emphasized here. One is that sized 
coals require a larger number of increments than resultant coals 
of the same top size. The other fact is that because of the in- 
creased laxity in accuracy, allowable by the specifications, the 
number of required increments decreases with increase in aver- 
age ash content, everything else being equal. 


CONCLUSIONS 


The missing data on coal sampling fall under the classifications 
already discussed. Basic data, over a wide range of coals, are 
needed that will supply information (a) on consist; (b) on the 
variability of ash of pieces by the float-and-sink method and by 
direct analysis of pieces for confirmation of the method; (c) on 
the variability of the ash of increments, whereby a large number 
of increments, of a variety of specified large weights each, are taken 
to establish the degree of mixing directly, rather than by inference, 
as was done here; and, finally, (d) collection and analysis of gross 
samples of a specified number of increments of constant weight to 
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give over-all confirmation to the established relations between the 
variables involved. 

In connection with the determined degree of mixing for any 
coal, a special effort should be made to relate this to mining and 
tipple operations. 

Carried systematically, such a program would eventually rid 
coal sampling of much of its unpleasant surprises and reduce 
sampling costs to a minimum. 
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Electrical-Analogy Method Sor 


Investigations in Automatic Control 


By D. P. ECKMAN! ano W. H. WANNAMAKER,? PHILADELPHIA, PA. 


The purpose of this paper is to demonstrate an approach 
to automatic-control investigation through the use of an 
electrical-analogy method. A complete description of the 
apparatus is included, each unit being related toa counter- 
part in an industrial control application. Diagrams and 
calibrations of the various units comprising the electrical 
process analog are given. For illustration of the manner of 
setting up a problem, the effect of controller scale span 
upon controller adjustment is shown. 


INTRODUCTION 


HE need for process simulation in the laboratory arises in 

the study of automatic-control methods. Testing auto- 

matic controllers in the field on actual control applications 
is often very difficult because of changing conditions over which 
there is no control. In addition, the introduction of intentional 
load changes, disturbances, or control-point shifts in order to de- 
termine the dynamic action of the control system is generally 
not permissible. Consequently, electrical, hydraulic, mechanical, 
and thermal analogies to controllable industrial processes have 
come into use for development testing of automatic-control 
methods (1, 2).8 The electrical capacitance-resistance analogy 
seemed to offer more advantages of versatility and was therefore 
selected by the authors. 

Under simulated control conditions, the dynamic action of the 
control system may be observed. Any factor, either in the proc- 
ess or in the controller, may be readily altered. The electrical 
process analog therefore becomes a versatile means for the in- 
vestigation of various phenomena in automatic control. 


ELEcTRICAL Process ANALOG 


Where a number of processes are to be studied and the variable 
must take numerous forms, the time-consuming analytical ap- 
proach must be condensed to a minimum. Even then, it is gen- 
erally desirable to have experimental means for checking analyti- 
cal results. Where the experimental apparatus involves a por- 
tion of the system under investigation, less likelihood of error in 
the final result will be evidenced because of the simplified analyti- 
cal data required. 

If the results of a few trials of an experimental analogy bear 
close agreement to the performance characteristics of the actual 
process, we may rely on analogies for more complicated and 
less understood process-control problems. Such a study may 
lead to the simplest, most economical form of control, while the 
effect of precision, dependability, and ease of adjustment is easily 
determined. 


1 Development Engineer, Brown Instrument Company. Jun. 
A.S.M.E. 

? Development Engineer, Brown Instrument Company. 

’ Numbers in parentheses refer to the Bibliography at the end of the 
paper. 

Contributed by the Industrial Instruments and Regulators Divi- 
sion and presented at the Spring Meeting, Birmingham, Ala., April 
3-5, 1944, of Tae AMERICAN Soctety OF MECHANICAL ENGINEERS. 

Notre: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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Previous investigators have evolved techniques of applying 
control to simulated processes. These analogies were rather 
specialized and do not lend themselves readily to changes for 
duplicating a variety of multiple-capacity processes. The elec- 
trical analogy‘ possesses extreme flexibility for duplicating numer- 
ous processes by altering the values of resistor and capacitor net- 
works through plug-and-jack connections. 

The physical constants may be calculated using well-known 
theory (3, 4, 7). In the electrical analogy, a direct relationship 
exists between electrical units and thermal units of a process. 
The time basis of the analogy may bear any chosen convenient 
ratio to that of the acgpal process, although an altered time rela- 
tion may introduce complications when the control system in- 
volves integral and derivative functions. 

Table 1 illustrates the similarity between thermal, hydraulic, 
and electrical units. 


TABLE 1 ANALOGOUS UNITS 
Dimensional 
symbol Electrica! Hydraulic Thermal 

Quantity.... Ww Coulomb? Cu ft Btu 
Potential....... P Volt Ft Deg 
Second Min Min 
Flow W/T « am Caft 
iiaacess / Sec ip Min Min 

Coul Cuft Btu 
Capacity..... Volk farad Fr Deg 
Jolt t eg 

= 
Coul/sec Cu ft/min Btu/min 


® For purposes of this paper coulomb will be abbreviated ‘‘coul.” 


It must be assumed that the fundamental units in this table 
are based upon point values, in order to avoid the complicity of 
power functions. In view of the inviting aspects of the electrical 
analogy, an investigation into the problem of adapting its use to 
process control was made. In order to duplicate long thermal 
lags present in many processes, it is evident that large values 
of capacity are needed in the various networks, particularly if the 
time ratio is to remain near unity. 

Although the process analogy itself is perhaps the most impor- 
tant single link in the control study, several other units must be 
used to complete the essential equipment. For example, equiva- 
lents for a fuel valve and fuel supply are required. There often is 
need for a means for simulating dead time in a process. There 
also must be an equivalent primary measuring element with 
means for introducing a lag in its response. These are discussed: 
in the following section. 


Test EquipMENT 


Most industrial controllers possess some form of pneumatic 
unit, electric contacting means, or power-set slider on a resist- 
ance slide-wire. The experimentation so far has been concerned 
chiefly with a single controller of the self-balancing potentiome- 
ter type, equipped with control devices of all the foregoing types, 


4 This method of control application was developed after a study of 
existing published analogy data. Credit for the electrical analogy is 
due Dr. Victor Paschkis of Columbia University for applying elec- 
trical means developed by C. L. Beuken (5, 6) in the study of heat. 
flow and allied problems. 
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any of which could be used as desired. The complete system is 
shown in Fig. 1. 

Referring to Fig. 2, a closed-circuit control system of general 
form is shown. A self-balancing potentiometer, equipped with 
pneumatic control, causes the air pressure to a diaphragm motor 
to position a slider along a resistor. This determines the voltage 
passing through a dead-time unit to a current-input unit. 

The valve slide-wire voltage actually charges each of a number 
of high-grade condensers one at a time by means of a 25-position 
ratchet-type multiple-contact switch. Its average speed of ro- 
tation is governed by means of an adjustable electronic-pulse cir- 
cuit which causes the contact blades to advance one step at a 
time. The two blades are out of step by one position and are 
so wired that, in turn, each previously charged condenser applies 
its potential to the current-input unit for a period equal to the 
time between pulses. This effectively produces a dead time equal 
to 24 times the pulsing period. 

The current-input unit then passes a current into the re- 
sistance-capacity mesh network, its value being a function of 
the voltage applied to the current-input unit. The mesh output- 
voltage simulates the temperature of the process under con- 
sideration. In order to measure the output voltage, a vacuum- 
tube voltmeter is used in conjunction with the potentiometer 
controller. This voltmeter serves as an impedance-matching 
device to permit the proper functioning of potentiometer control- 
lers designed to work from low-voltage low-impedance circuits. 

The controlled system having been described briefly, details of 
the equipment follow, and reference to Fig. 3 should be made: 

The diaphragm motor positions the slider of the slide-wire, ac- 
cording to the applied air pressure. About 200 useful convolu- 
tions are used on this slide-wire, so that the number of valve posi- 
tions are, in effect, limited to this number. More convolutions 
would probably require the use of a valve positioner, but this 
sensitivity has proved satisfactory particularly when used in con- 
junction with the dead-time unit with its step functioning. . 

The dead-time unit has certain limitations in that the equiva- 
lent fuel-supply rate is not a continuous function of controller 
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output, although the integrated amount of fuel closely follows it. 
In low-capacity processes where low rates of switching would be 
objectionable, dead time to any large degree is generally not met 
in actual practice, and the consequent fast pulsing of this con- 
troller provides a satisfactory dead time even for such low-ca- 
pacity processes. A 25-position selector-switch assembly was 
chosen as the most feasible device to approximate delays of from 
zero to several minutes’ duration. Its rotation is made in a series 
of steps, the time between each step being determined by an elec- 
tronic pulse circuit. The condensers used with the switch may 
stand idle for the necessary periods without appreciable loss of 
charge, while the current drain during the period that each is 
connected to the current input unit is very small. 

Most processes are nonregenerative. Burning fuel, for ex- 
ample, releases some given number of heat units regardless of the 
temperature within the firebox. If the fuel is reduced, heat does 
not flow back into the fuel supply as fuel. To simulate such @ 
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burner, a controllable constant-current device, consisting of a 
high-gain direct-current amplifier, having considerable negative 
feedback, was used. For a fixed applied potential, a current will 
flow in the output ciréuit at a set value practically independent 
of the impedance into which it is working. When this load is 
composed of condensers and resistors, as in the mesh analog cir- 
cuit, this flow of current simulates flow of heat, while the voltage 
in any portion of the mesh represents temperature. If the de- 
mand should go to zero, the input current may be made to go to 
zero. Current will not flow back into the source and alter the 
rate of heat dissipation. If some decrease in demand should oc- 
cur, the input current will be reduced to some lower value in ac- 
cordance with the demand. The complete current-supply sys- 
tem has been designed to approximate a semilogarithmic valve 
characteristic in its action. : 

The mesh circuit of the process analog makes use of ordinary 
dry electrolytic condensers. Their terminals are wired to colored 
jacks on a bakelite panel, and about 30,000 microfarads of ca- 
pacity are used together with about 30 adjustable resistors. These 
may be connected by means of jumpers into jacks to form various 
types of mesh circuits. A built-in bridge circuit and null indi- 
cator is included for circuit-measuring purposes. The use of 
electrolytic condensers imposes limitations on the analog board. 
For example, a circuit calling for higher shunt resistances than are 
inherent in the condensers in the form of leakage may not be 
used. Variation of capacity and leakage, both with temperature 
and impressed voltage, must be taken into account. Even with 
those limitations, a real advantage is gained by the use of elec- 
trolytic condensers, since many industrial-process applications 
may be approximated satisfactorily with considerable savings in 
cost and space. 

The vacuum-tube voltmeter is composed of a sharp cutoff 
type triode tube operated at a low plate voltage. A large series 
grid resistor is used to reduce grid current to a low value. The 
potential across an adjustable portion of the plate resistor fur- 
nishes the voltage to operate the potentiometer controller. In 
order to make the controller read upscale for an increasing nega- 
tive voltage applied to the grid of the tube, an adjustable fixed 
potential is used to buck the voltage across a portion of the load 
resistor. Both the plate and the heater voltage supplies are regu- 
lated to reduce the effect of line-voltage variations. Two volt- 
meter units have been built into a single housing, one of which 
serves to actuate the controller and the other may be used to 


actuate a recorder to show the demand, the actual fuel flowing, 
or may be used to indicate the voltage within any portion of the 
process mesh circuit. 

An impedance measuring bridge is built into the process board 
with jacks for inserting leads from the various circuit compo- 
nents. An ordinary amplifier, rectifier, and electron-ray tube of 
the indicating type are used as a null indicator. 

Typical performance characteristics of the various portions 
of the equipment described are shown in Fig. 4. Curves under A 
indicate the current flow into the process analog for values of im- 
pressed voltage on the current-input supply. It should be noted 
that the current value is practically independent of the dynamic 
impedance of the process mesh circuit, and that the sensitivity 
or equivalent valve size may be selected by changing the self- 
bias resistor value as shown in Fig. 3. 

Part B in Fig. 4 shows the manner in which the dead-time 
unit delays the voltage from the valve slide-wire. Part C illus- 
trates several different calibration curves obtainable with the 
voltmeter by which the equivalent of suppressed-range studies, 
for example, may be made. 


Serrinc Up Process ANALOG FoR TEST 


Although it is possible by means of electrical analogy to approxi- 
mate a particular process through calculation of its resistance 
and capacity, it is only necessary to arrange certain combinations 
of capacity, transfer lag, and dead time to represent whatever 
particular characteristic is desired. In this manner the effect of 
various characteristics in automatic control may be investigated 
without actually attempting to set up specific processes. The 
principal application for the electrical analog therefore is to simu- 
late process characteristics rather than to duplicate a specific 
physical process apparatus. 

Suppose, for example, that we wish to investigate the effect. 
of suppressed-range controller scale upon controller adjustment- 
A suitable process should be selected which approximates an 
actual process of the type on which a proportional-reset controller 
is used. For the purposes of this investigation dead time is not 
required and is accordingly omitted. 

The process used in this case is shown in Fig. 5. A multiple- 
capacity process is desired and three RC networks are used. 
Each RC network is connected by a 40,000-ohm resistor to cause 
an equivalent temperature drop between capacitors. In order to 
obtain a fixed rate of temperature decrease, each capacitor is 
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shunted by resistors. The resistance values shown in the diagram 
include capacitor leakage. The resistor across the last capacity 
is called the “demand.” Its value determines the heat flow re- 
quired from the demand capacity. 

The valve size is next determined by setting the range adjuster 
on the current-input unit so that the full-open position of the 
control valve provides the same rate of rise of temperature as rate 
of fall when the valve is completely closed. In this case the proper 
valve range was 0 to 100 microamperes corresponding to lowest 
and highest controller output pressures. At this time the valve 
size is checked to insure that between 50 to 75 per cent setting 
of the control valve maintains the temperature at the control 
point. 

In order to check the characteristics of the process, the re- 
action curve in Fig. 5 was taken. A reaction curve is deter- 
mined by fixing the position of the control valve and allowing the 
measured variable to line out at a value slightly below the control 
point. During this period the process is under manual control 
rather than automatic control. 

A small sudden movement of the valve to a new fixed posi- 
tion is then made. If the process has self-regulation, the meas- 
ured variable will gradually rise to a new balanced value. If the 
magnitude of the change has been properly selected, the final 
value should be slightly above the control point. The resulting 
change with time of the measured variable is the process reaction 
curve. This reaction curve includes the process characteristics 
as well as the effect of measuring and controller lags. 


Lrrecr oF SuppRESSED-RANGE CONTROLLER SCALE 

Controllers with a suppressed-range scale have come increas- 
ingly into use in the past few years for the purposes of more ac- 
curate readability and control of the magnitude of the controlled 
variable. For example, if it is desired to control a temperature of 
250 F, it is becoming common practice to use a controller cali- 
brated 150 to 300 F, instead of 0 to 300 F. This suppressed 
range has an effect upon the controller adjustments because of 
the different rate of controller-pen motion for the same rate of 
temperature change. 


| 


a 
eo} 
> 
ro) 
60 
> it 0-100 
4 
> 
40 
z 

20 
° 


TIME ~MIN 


Fie. 5 Oxsservep Process-REACTION CURVE 


| 
84 
( 
A 
if 
& 
& 
= Re 


ECKMAN, WANNAMAKER—ELECTRICAL-ANALOGY 


A potentiometer pneumatic controller was connected to the 
process previously described and adjustments of proportional 
band (throttling range) and reset rate selected for control of the 
process. The adjustments are based upon minimum area re- 
covery from a supply change. 

The supply change was introduced manually by a throw switch 
so that an additional bias voltage was inserted in the sliding- 
contact lead on the control-valve slide-wire. When the voltage 
is introduced, a 25 per cent increase in flow is caused with the ac- 
tual valve position remaining unchanged. This corresponds to a 
change in upstream pressure at a control valve, causes a greater 
flow of control agent, and requires that the controller correct for 
this change. 

The potentiometer controller was calibrated in turn to various 
spans, and the suppression adjusted so that the control pomt rep- 
resents 3 v. The controller adjustments were then redetermined. 
Table 2 shows the results, while Fig. 6 shows the recovery curves 
under each condition. 


TABLE 2 CONTROLLER ADJUSTMENTS 


Controller Proportional Reset Maximum 
calibration band, s, rate, r, deviation, 
span, Vv per cent scale per min v 

6 22 0.51 0 40 

5 32 0.48 0.42 

4 38 0.47 0.42 

3 44 0.43 0.42 

2 52 0.39 0.42 


From the theoretical standpoint, it would be expected that the 
proportional band would follow a reciprocal law such that, as the 
controller span is reduced by one half, the proportional band 
would be doubled. The results of these tests are in approximate 
agreement. The proportional band is smaller than expected, 
however, at the smaller scale spans. 

These differences can only be explained by one or a combination 
of factors. If nonlinearities exist in the control system, it is pos- 
sible that the greater deviation in per cent of scale, which, how- 
ever, representing the same deviation in volts for various spans, 
may require a smaller proportional band in order to achieve the 
same stability in the recovery curve. Since the controller is cali- 
brated for linear response of voltage input to air-pressure output, 
it is unlikely that this is the cause of the differences. The semi- 
logarithmic control valve characteristic probably influenced the 
test results. 

A second cause may be the difference in apparent dead zone of 
the control system with respect to changes in voltage of the 
process when various controller spans are used. For example, a 
dead zone of 0.04 per cent of controller scale with a 6-v 
would represent 0.0024 v, while at : 
represent 0.0008 v. 
lag, the decrease in apparent dead zone with smaller spans would 
allow a slightly smaller.proportional band. 


span 
2-v span, the dead zone would 
Since the process possesses slight transfer 


A third cause may be that controller adjustments were not 
set to the optimum values to produce a recovery curve having the 
smallest possible period. In fact, the recovery curves in Fig. 6 
indicate that the period increased slightly as the span decreased. 
Controller adjustments were made in each case without chang- 
ing the reset rate from the previous setting. It was found neces- 
sary in every. test to decrease the reset rate in order to achieve 
the desired stability. Although the reset rate should be un- 
changed with various spans, the required decrease in reset rate 
may be in part due to the method of selecting controller adjust- 
ments. 

In using any type of analog for investigations in automatic 
control, it is necessary to avoid imposing any limits on the opera- 
tion of the analog under dynamic conditions. If the control 
valve is required to move to its limit of travel, if the process 
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reaches a potential beyond which it cannot go, or if the con- 
troller pen should attain full scale, the complete system is unable 
to follow adequately its own laws of operation. Such action in the 
system correspondingly influences the dynamic operation unless 
limits are required as in two-position control. 


CONCLUSIONS 


The electrical analogy method of simulating industrial proc- 
esses lends itself readily to the selection of varying degrees of proc- 
ess characteristics. It is shown how such factors as process ca- 
pacity, transfer lag, dead time, valve size, controller-scale range, 
and load changes are set up in the analog. 

Various investigations of automatic control, particularly when 
actual control equipment is used, point out the necessity of taking 
into account such factors as measuring lag, controller lag, and 
dead zones in the measuring and controlling means. The results 
of the investigation of controller span indicate that these factors 
should not be neglected. Empirical methods of analysis of 
automatic control must generally be tempered by the influence 
of factors difficult to account for in mathematical methods. 
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Discussion 


Vicror Pascuxis.§ Electrical analogs can be most useful in 
the study of different types of transients, such as expressed in 
heat flow, etc. 

In describing the analogous units it is stated in the paper that 
these are based upon “point values.” A definition would be de- 
sirable. 

The impression is derived from the paper that the process 
analog is built and operated without reference to any given piece 
of equipment or process. The writer feels that this method of 
approach is a definite disadvantage perhaps made necessary by 
the use of the inexpensive and inaccurate electrolytic condensers. 
The time lag between the achievement of a given temperature 
in the equipment and the corresponding achievement in the 
thermocouple is one of the major causes of temperature oscilla- 
tions. These oscillations would be insufficiently reproduced 
through the use of the ‘‘dead-time unit.”” It would be desirable 
if in the closure the authors would give a definition of what they 
call “‘dead time.’”’ This term is used by various authors with 
different meanings and should be defined. Moreover, a more 
complete description of the dead-time unit would be desirable. 

By not representing actual equipment, e.g., furnace charge 
and thermocouple, the authors limit their investigation to that of 
a measuring and control instrument alone. The user of tempera- 
ture control is primarily interested in the uniformity of the prod- 
uct and not in the uniformity of the temperature record.® 

The uniformity in time refers to temperature fluctuations at 
any one given point in the equipment at which the measuring 
device happens to be located. Temperature uniformity in space 
can be very poor even with perfect uniformity in time. For 
example, cold spots can occur as a result of poor design or opera- 
tion of the equipment and not be detected by the thermocouple. 


§ Research Associate, Research Laboratories, Department of Me- 
chanical Engineering, Columbia University. 

§ “Relation of Uniform Pyrometer Records to Uniform Products,” 
by J. A. Doyle, ‘‘Temperature—Its Measurements and Control.” 
(Papers presented at Symposium of the American Institute of 
Physics, 1939), pp. 984-987. 
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There is another aspect of the uniformity in space referring to uni- 
formity of temperature within the load itself. It is this latter 
with which the user of control is primarily concerned. The 
method as used by the authors is limited to problems of uni- 
formity in time. By using higher-grade condensers, it could also 
be applied to even more important problems of uniformity in 
space (temperature distribution). 

These three phases of uniformity tie in and really should not 
be investigated separately. This investigation of the three phases 
in one calls for higher-grade and more complete equipment than 
that covered in this paper. 

However, it should be stated that the present investigation 
forms a very welcome start in a field of analysis so far insufficiently 
covered. 


AuTHORS’ CLOSURE 


The discussion by Dr. Paschkis, whose heat- and mass-flow 
analyzer served as inspiration for the authors’ work, is particu- 
larly welcome. 

The analogous units given for thermal, hydraulic, and elec- 
trical systems are based on point values, that is, on a given sys- 
tem with static conditions of potential and resistance. In a 
thermal system, for example, resistance often varies with po- 
tential (specific heat varies with temperature). In a hydraulic 
system, flow may vary with the square root of potential. Other 
examples might be given. Consequently, in using any analogy, 
it is necessary to assume that the system is operating at a “‘point’”’ 
or about an average point of capacity, resistance, and potential. 

The remainder of Dr. Paschkis’ comments are directed toward 
whether an analogy should be set up on the basis of physical proc- 
ess apparatus or upon process characteristics. If one is investi- 
gating the apparatus, the former method is appropriate; if one 
is investigating automatic control, the analogy may be more 
easily handled by choosing the desired characteristics of capacity, 
transfer lag, and dead time. 

The use of electrolytic capacitors imposes no serious limitation 
to the study of automatic control other than the attainment of 
time constants greater than are inherent in the leakage charac- 
teristic. Reproducibility of results has been found to be practica- 
ble. 

There is use, as Dr. Paschkis has found, for electrical-analogy 
apparatus adaptable to simulation of specific physical problems 
The analog equipment described in this paper is used primarily 
for experimental work in connection with the study of automatic 
control. 

Dead time is any pure time delay, expressible in units of time, 
existing either in the process or in the control system. 
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Stabilizing a Suction-Relief Valve 


By ED S. SMITH,! TETERBORO, N. J. 


Starting with a less than fully stable conventional valve 
in aircraft use, a simple analysis is presented which is 
based upon energy considerations under resonance condi- 
tions and involves a minimum of mathematics. This 
analysis led to the disclosed improvement which renders 
the valve stable under all installations except the worst, 
from an acoustic standpoint. A short appendix on acous- 
tic systems is included for the convenience of control 
engineers who may need in advance to evaluate and, if 
necessary, correct acoustic difficulties of installations. 
The analysis of this paper amounts to an informal use 


of the Nyquist method. 
depression below atmospheric pressure of an air-carrying 
line. A conventional regulator, as shown in Fig. 1, has a 


damped valve piston with a long compression spring having the 


HIS valve is required to maintain constant suction, i.e., 


trom 
to pump Pp Instruments 
— 


Fig.1 Former Type VaLve FLAT SURFACE AT a, TO MINIMIZE 


LEAKAGE WHEN 


position of one,of its ends adjustable to set the desired suction. 
The end of the piston seats against a flat rim seat a to minimize 
the leakage when the valve abuts its seat. 

This valve is damped by friction between the valve piston and 
its cylinder whether due to rubbing, to coulomb friction, or to the 
shearing of a film of lubricant. Rubbing friction is preferably 
minimized since it is quite sensitive to clearances and generally 
tends to produce an objectionably large departure from the suc- 
tion setting . 

The use of lubricant friction also has disadvantages since the 
viscosity, and hence the damping, changes seriously with tem- 
perature. However, this may not be a bar since winterization 
requirements reasonably take into consideration the location of 
the valve and its function. Lubricant damping tends to seal the 
cylinder and hence trap an uncertain amount of air within the 
cylinder, which makes the setting unreliable. Consequently, 
when lubricant damping is relied upon, one or more holes (shown 

! Research Engineer, Eclipse-Pioneer Division, Bendix Aviation 
Corporation. Mem. A.S.M.E. 

Contributed by the Industrial Instruments and Regulators Divi- 
sion and presented at the Semi-Annual Meeting, Pittsburgh, Pa., 
June 19-22, 1944, of THe AmerRIcAN Society oF MECHANICAL 
ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 
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dotted) into the cylinder are needed to admit the line pressure 
into it. 

From the foregoing, it appears that there are practical dis- 
advantages to these alternatives to air-damping between the 
piston and its cylinder wall. Air-damping is most effective when 
the clearance is small enough to provide a pumping action giving 
a relatively high velocity of air flow through the clearance and 
hence resistance to axial motion of the piston. This high 
velocity exists when the clearance is still large enough to allow 
the piston, without its spring, to rotate freely as in an air bearing 
when the piston is manually given a spin. In other words, the 
air-damping must be due to the leakage air flow rather than to 
the shear which results directly from the relative velocities of the 
piston and cylinder. 

Since the air trapped in a cylinder acts as a spring which is 
much stiffer than the metal spring (or has a higher ‘‘rate’’), the 
critical frequency of the valve is considerably raised due to the 
air spring action. Also affecting the critical or resonant fre- 
quency is the mass of the piston valve. If the valve is lightened 
(1)? the critical frequency is raised, possibly into the range of 
forcing or driving frequencies due to the pump, and the required 
damping is somewhat reduced. 


METHOD OF ANALYSIS 


The sort of analysis required for an investigation of damping 
depends upon whether it is used as a creative tool or merely for 
its own sake. An analysis by means of differential equations 
soon runs into nonlinearities that put considerable difficulties in 
the way of a formal solution and would be followed by relatively 
few readers. 

Instead, the line of reasoning that led to the stabilization of 
these suction-relief valves may be of wider interest. It must be 
remembered in following such reasoning that, since it is difficult 
for most human minds to give attention to more than one control 
action at a time of several which are occurring simultaneously, 
differential equations are superior to such unaided consideration 
for this purpose since they continuously take account of such 
simultaneous relations. 

However, the modern Fourier approach (1, 2),? in predicting 
control transients and performance directly makes use of the 
universality of differential equations without the labor of a formal 
solution but retaining the advantage that differential equations 
are “‘always true,” while their solutions may have widely different 
forms for different coefficients and initial conditions. Such a 
Fourier approach involves the use of a known sinusoidal forcing 
function, and an investigation of the amplitude and phase of the 
response. By using small oscillations, any deviations from 
linearity may be neglected and this method extended from the 
linear system of Fig. 2 to the nonlinear systems of Figs. 1 and 6. 

The performance with reference to stability of a simple regu- 
lator may be considered in a preliminary way from an elementary 
Fourier viewpoint by assuming that hunting exists at the resonant 
frequency of the valve itself, and investigating the phases of the 
force components relative to the velocity, since the phase relations 
usually determine whether or not positive damping exists. Of 
course, hunting is generally undesirable, and this assumption is 
made only as the initial step in this simple test for stability. 

A stable valve may be considered as the damped sprung mass 


2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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in Fig. 2. When a sinusoidal force, such as F = Fy cos wl, acts _ response-timing principle which is commonly applied to negative- 


upon such a system, a positive damping force Nz’ always opposes 
the velocity x’ and hence acts to remove energy from the system. 
If w is the resonant frequency, the inertia force Mz’’ opposes and 
just balances the spring force Bx continuously (3), with the result 
that the driving force F must likewise steadily oppose and balance 


spring force 


pe 


inertia force 
driving “My damping force 
force 
Ficg.2 ANaLocous MECHANICAL System ReaLt DAMPING 


the damping force Nz’, all as shown in Fig. 3, in which the driving 
force F is shown along the positive real axis, or 3 o’clock direction, 
using hour angles to indicate direction. By assuming small 
oscillations, any deviation from linearity of the differential 
equations may be neglected and this method applied to the non- 
linear system diagrams of Figs. 3 to 5 and 7. 

Following the usual vectorial-direction convention of clockwise 
direction for lagging and counterclockwise for leading, the 
velocity z’ occurs at 3 o’clock in phase with the driving force F, 
and with the displacement z, or valve opening, at 6 o’clock. In 
this vectorial approach, it is well known that differentiation re- 
sults in a 90-deg lead (4) and, conversely, integration or summa- 
tion causes a 90-deg lag and, when the integration results from a 
flow into a vessel, the value of 90 deg may be approached as a 
limit. The references noted are for the convenience of readers 
who may not be already acquainted with these relations. 

When energy is removed from such a forced simple mechanical 
system, it is self-evident that the resultant displacement z lags 
its cause, the driving force F. In other words, when the displace- 
ment lags an input (or driving) force, this indicates the presence 
of damping which would stabilize the system in the absence of the 
input. 
Conversely, a lead (of F by z) accompanies an increase of 
energy in a system. Thus it appears that stability and insta- 
bility of such systems are, respectively, accompanied by a lag 
and a lead of effect (displacement) relative to cause (driving 
force), thus providing a simple rule which is useful for such 
systems. 

Where the controller is such that hunting energy is abstracted 
from the system, instead of fed back, in successive cycles in which 
the effect in one is the cause in the next, the over-all sensitivity, 
or ratio effect/cause, may be raised as high as is ordinarily re- 
quired for accuracy of control. 

For such a positively damped simple controller thus operated 
by a harmonic force at the resonant frequency, it follows that the 
vectorial effect (displacement) will occur less than 360 deg after 
its cause (force) in each “cycle,” which angular relation indicates 
that the controller is stable. 

For more complicated control systems, it is well known to 
electrical engineers working in control that it is possible to have 
stability with sensitivities much greater than unity (and hence 
small throttling range, droop, or load error) by following a 
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Line Capacity NEGLIGIBLE 


If no appreciable capacity exists between the valve of Fig. 1, 
and its suction pump, both the main flow q and the line pressure p, 
are in phase with the valve opening z, as shown in Fig. 4, again 
for steady oscillations. There is a lag of up to 90 deg of the 
cylinder pressure p behind the line pressure p, since, neglecting 
the effect on the clearance flow due to changes of the highly 
attenuated cylinder pressure p, the pressure p is proportional to 
the total quantity of air in the cylinder and this quantity depends 
upon the integral of the clearance flow, hence tending to lag 90 
deg behind the clearance flow. Since this clearance flow is sub- 
stantially in phase with the line pressure p,, the pressure p like- 
wise tends to lag 90 deg behind p,. 

This limiting, but fairly typical, situation is presented on the 
vector diagram in Fig. 4, which shows the z, q, and p, vectors at 
6 o'clock, p lagging at 9 o’clock opposite x’ at 3 o’clock so that, as 
before, p acts as a positive damping force.‘ Since the force F = 
F, cos wt would be needed at 3 o’clock (as in Fig. 2) to drive this 


3 See U. S. Patent No. 1,915,440, June 27, 1933, Harry Nyquist, 
“Regenerative Amplifier’ and his “‘Regeneration Theory,’ Bell Sys- 
tem Technical Journal, January, 1932, pp. 126-144; Also ‘Amplifier 
Theory Applied to Regulators,” by J. M. Cage, Electronics, January, 
1945, pp. 140-143. 

‘ Positive and negative damping are used, respectively, instead of 
damping and driving, a convention which avoids confusion between 
the damping and the input forces. 
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system, the 90-deg lag of the effect z behind the cause F indicates 
that this system is stable. 

The flow over the outer face of the valve lowers the pressure 
near its edge, and especially so where there is a rim seat a. This 
has been loosely termed a “Venturi” effect although it might 
better be known as a “‘potentiometric” effect, since the average 
pressure over area a is approximately (p, + p,)/2 and conveni- 
ently considered as tied to pressure p, rather than flow qg. Since 
p./2 (taking the atmospheric pressure p, as zero) acts on a portion 
of the outer (or opposite) face of the piston it may be represented 
by a vector p, = p,/2 extending in the opposite direction, or 
toward 12 o’clock. This is seen in Fig. 4 not to affect directly 
the stability, since it neither puts in nor takes out energy; in 
other words, p, is no “damping”? component since it has no com- 
ponent in phase with the velocity. However, the existence of the 
Venturi effect requires that the driving force F must shift toward x 
and hence cut down the stabilizing lag. 


Line Capacity APPRECIABLE 


However, when the line capacity is appreciable, the line pressure 
p, lags x by up to nearly 90 deg with the result, shown in Fig. 5, 
that the Venturi effect shifts from the 12 o’clock position to, say, 
approximately the 2 o’clock position, and has a powerful un- 
stabilizing tendency. At the same time p has shifted from the 9 
o’clock to the 11 o’clock position so that it has less damping effect. 
Hence the resultant of p and p, shifts to the 1 o’clock position 
and the input force F, which must be opposite, shifts to the 7 
o’clock position. The net result is that hunting can exist. In 
electrical parlance, a positive feedback now exists due to the 
Venturi effect. Since the effect z leads its cause F, instability 
exists according to the earlier stated simple phase test. The 
result is that there is an increase of the hunting amplitude, and 
hence the energy in the system. 

While the unstabilizing Venturi effect can be reduced somewhat 
by using a truly conical seat and a very sharp square edge on the 
valve, the unstabilizing effects cannot certainly be fully overcome 
in view of damping piston-cylinder clearance variations resulting 
from necessary manufacturing and operating-temperature toler- 
ances. To be positively stable, the valve requires an additional 
source of damping. 

Additional damping can be provided, as in Fig. 6, by adding a 
rim 6 to the valve so that its seating area is larger than the piston 
area. Then, as shown in Fig. 7, p, acting on the rim as p,, at 8 
o’clock has a powerful stabilizing effect which balances off the 
Venturi effect. This modification has the advantage that it 
produces no unstabilizing effect under any installation condition, 
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needs to do is to keep the size of the valve head down enough not 
to increase unduly either the inertia of the valve or its periphery, 
and hence sensitivity. The best results are obtained when the 
rim area is small, i.e., only large enough to provide substantial 
compensation and hence eliminate any appreciable feedback or 
reaction, i.e., to prevent feeding energy back into the valve as a 
result of its own oscillations. 


Acoustic 


The aircraft suction pump is ordinarily of a type which creates 
pulsations. When these happen to be near the resonant fre- 
quency of the valve or a harmonic thereof, this tends to feed 
energy into the valve. In general, the tendency is to produce 
long-time beats during which hunting slowly builds up and dies 
away. However, with a reasonable valve clearance and a rim- 
head valve, the Venturi effect can be so well offset by the 
rim-damping that no objectionably large valve pulsations occur. 

Another source of resonance that intensifies any hunting 
tendency is the suction line either to the instruments or to the 
pump when this line acts as a closed pipe of nearly the same fre- 
quency as the resenant frequency of the valve. Further, there is 
a Helmholtz resonator action in which the suction lines and the 
valve opening act, respectively, as the capacity and the nozzle. 

Still another possible source of hunting due to resonance occurs 
when a filter pipe of considerable length, which is added to the 
valve inlet, acts as an open-pipe resonator. In any of these cases 
of acoustic resonance (except possibly when the filter pipe is more 
than 2 ft long), tests showed that hunting is not produced with a 
rim-head valve in which the unstabilizing Venturi effect is well 
balanced by the rim. 

It is better thus to eliminate hunting difficulty, i.e., by modify- 
ing the valve itself to be less affected by line pulsations, than to 
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use a valve which is sensitive to them and become lost in the 
maze of additional damping gadgets that then become necessary. 
For example, while the effect of filter-pipe pulsations upon a plain 
cylindrical-piston valve can be reduced by adding a screen pro- 
ducing damping friction near the valve, the extra resistance of the 
screen tends to cause the valve characteristic to depart, upon a 
large change of flow, from the constant suction which is ideal. 

While any valve must be a compromise, still the rim-head 
suction-relief valve with a conical seat in subsequent aircraft 
installations has exceeded any reasonable expectations, based 
upon earlier designs, for both accuracy and stability of operation 
under the range of required aircraft-installation conditions. This 
particular development has been described only to typify the 
advances obtainable in practice through the use of this general 
theoretical approach and technique. 


(b) 


(a) Moves or Acoustic OscILLATION OF AIR IN PIPEs, AND (b) ANALOGOUS ELEcTRIC CiRCUITS 


Appendix 
Acoustic CONSIDERATIONS 


In self-operated controllers for air, the air may participate re- 
generatively in any oscillations of either a control valve or a pump 
in the regulated system. Hence the motion and pressure of the 
air itself require consideration. 

The velocity of a compressional wave in a fluid is 


c= Ve/p 


where e is the volume elasticity and p is the density of the fluid. 
Since for gases the compression is adiabatic, the effective elas- 
ticity is k times that for constant temperature so that the relation 
becomes 
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c= V kp/o 


where k is the specific-heat ratio and p is the pressure. 
of sound in atmospheric air is about 1120 fps. 

When a moving column of any fluid is slowed down by a valve, 
its loss of momentum is accompanied by a pressure which starts a 
compressional wave along the line with a reflection from its open 
or closed other end or from any discontinuity in the pipe wall. 

With an open pipe end, the phase of a pressure wave is re- 
versed, since the momentum tends to carry a slug of fluid from the 
pipe out into the ambient fluid, with the result that the wave 
length is about 4 times the length of the pipe plus an “end correc- 
tion’’ of about 0.8 times the radius of the pipe. The enlargement 
at the nearest manifold may provide an effective open end. 

These phenomena occur when the pulsation-forcing frequency 
of a valve or pump is near that of the line. In such a case and 
referring to Fig. 8, there can be resonance at frequencies around 
either f, = 1120/21 or 1120/1 for a line having its far end open. 
The resonant frequency is around 1120/41 for the fundamental 
for a closed-end pipe, in which case resonance can occur at any 
odd quarter wave length. With complex systems, the response 
amplitude tends to vary less sharply with the frequency so that 
the resonance peaks are lower, and there is a higher response be- 
tween the peaks. 

While a better electrical analogue may be a long-distance 
transmission line, the situation, as regards the possibility of 
resonance, may be taken as roughly analogous to a tuned L-C 
series (inductance and capacitance) circuit whose impedance is 

1 


Z=eft = oh —— 
e/t 


The speed 


where w = 2xf radians per sec and f cycles per sec express the 
forcing-voltage frequency. At resonance, Z = 0 and the voltage 
across C or L may rise to many times the value of the forcing 
voltage. At resonance with this circuit 


= radians per sec 


on LC 


Electric networks may be set up analogous to complicated 
acoustical-mechanical-electrical systems and, for such networks, 
steady-state solutions reached by well-established electric-net- 
work techniques, i.e., using Kirchoff’s laws and the concepts of 
impedance, including ‘‘coupling”’ or “transfer” impedances; and 
using operational methods if transients are desired. 

Resonance may also occur in a storage volume with a small 
opening as in Fig. 9(a). Where, as in Fig. 9(a), a storage volume 
V cm? has a small opening of area S cm’, it acts as a Helmholtz 
resonator of frequency 


1 
2x VM C, 
(Olson’) where 


M = m/S?, inertance (Olson®), g per em‘ 

m = pv, mass of accelerated fluid in opening, g 
v = volume of accelerated fluid in opening, cm’ 
p = density of fluid accelerated, g per cm* 

C. V/pc? acoustical capacitance (Olson), cm‘ sec?/g 
c = velocity of sound, em 


The M and C,, respectively, correspond with inductance L and 
capacitance C in a resonant electric circuit of negligible resistance. 
For a circular thin-plate orifice, the length of the accelerated 
mass is roughly equal to the orifice diameter or, more closely, the 


* Ref. (5), p. 33. 


* Ibid. p. 16. 
7 Ibid. p. 19. 
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volume is that of a sphere which will just pass through the open- 
ing. However, the volume may exceed several times this value 
where “smoke-ring” vortices are formed, as is possible where 
turbulence does not interfere and there is a space into which 
the vortices may be launched. 

Even though one cannot always obtain precise solutions of 
acoustic problems analytically, still even a rough analysis often 
provides a reasonable starting point in design and indicates the 
essential variable to be experimentally investigated in seeking 
optimum performance. 

Other references on acoustic problems are given as (6) and (7) 
of the Bibliography. 
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Discussion 


H. L. Mason.® The analysis presented by the author is a 
qualitative modification of known quantitative relations among 
the forces acting on a mass under forced vibration. It should be 
understood that the rotating vector representation of Fig. 3 
expresses exactly the solution of the differential equation (linear 
by assumption) corresponding to Fig. 2. For the valve de- 
scribed, pneumatic forces give driving, damping, and spring ef- 
fects, and the author approximates the phase angles of their vec- 
tors and draws conclusions concerning stability. The criterion of 
stability as a displacement lagging its cause seems to the writer 
to be of doubtful utility. Whether or not energy is removed 
from the system described depends, more fundamentally, on 
whether or not the resultant force vector has a component oppos- 
ing the velocity, and this may be determined directly by inspec- 
tion of the vector diagram. Moreover, in the presence of a 
pulsating driving pressure, small positive damping does not al- 
ways eliminate oscillation of a controller, although it will hold 
it toa smaller amplitude. ‘Stable’ as applied to such a system 
means only “having smaller vibratory motion.” 


/ § Director of Research, Taylor Instrument Companies, Rochester, 
N.Y. Mem. A.S.M.E. 
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AvuTHOR’s CLOSURE 


Dr. Mason has raised the two fundamental questions of the 
basic tests for a limited amplitude of oscillation and for stability 
of a regulated system. The first question has been answered 
for conservative systems by the statement of LeCorbeiller (8) :* 
‘‘For any system to oscillate stably at a definite amplitude, it is 
necessary toinvolve some nonlinearity.”” For others, Dr. Mason’s 
penultimate sentence is of course correct. 

On the second point, Dr. Mason’s approach is helpful for simple 
cases. However, for more complex cases, one may advan- 
tageously use the more general method of Nyquist which is well 
known among electrical engineers. An application of the 
Nyquist method to control recently appeared in a publication 
by Prinz (9). The test used in the present paper is a ‘‘free-hand”’ 
application of Nyquist’s teaching to cases in which one must 
eliminate hunting of a regulator having a well-defined resonance 
peak, 

In Nyquist’s method, one breaks the system between, e.g., the 
control valve and its actuating stem and oscillates the valve at a 
number of different frequencies; a ‘‘cause.” If, at some fre- 
quency, the ‘‘effect’’ be an oscillation of the stem of the same 
amplitude as that of the valve and lagging 360 deg, so that the 
effect in each cycle precisely equals the cause in the next, the 
connected stem and valve would theoretically continue to oscillate 
steadily at this frequency and amplitude. In other words, the 
over-all sensitivity (i.e., effect/cause in any cycle) of a steadily 
hunting regulated system is unity. 

At 360 deg lag, sensitivities less and greater than unity result 
in stable and unstable operation, respectively, with the connected 
stem and valve. Since an increase of lag tends to produce in- 
stability, lags of more and less than 360 deg at a sensitivity of 
unity are accompanied by instability and stability, respectively, 
with any simple system. 

Since with any actual physical system, the amplitude of the 
effect tends to approach zero as the forcing frequency increases 
indefinitely, the rule for instability may be made general by 
requiring either that the lag be more than 360 deg for the highest 
frequency at which the sensitivity is unity or that the sensitivity 
exceed unity at the highest frequency at which 360 deg lag exists. 
Hence, for instability, the 360-deg lag axis must be last traversed 
in the direction of increasing lag at a sensitivity of more than 
unity as the frequency increases. Since it is always present, 
the 180 deg for the basic control relation may be dropped as a 
matter of convenience in plotting the Nyquist sensitivity-lag loci 
for varying frequency, as in Fig. 10 of this closure, on which the 
critical point (—1, jO) appears at a radius of unity and a lag of 
180 deg. 

Treating sensitivities and lags vectorially, the over-all sen- 
sitivity is equal to the product of the individual sensitivities of 
the several elements of the regulated system, and the total lag is 
the sum of the angular lags for the several elements. 

It may help those unfamiliar with the use of the Nyquist 
method in process control to take the suction-relief valve of the 
present paper as an illustration, without however adjusting 
the coefficients to the numerical values necessary for consistency 
with the paper itself. 

Starting with an oscillation of the valve at w rad per sec that 
produces +1 psi change in the line pressure p,, the pressure p 
changes due to flow through the piston-cylinder clearance so that 
the sensitivity-lag locus is the semicircle a (in Fig. 10) (10) on 


* Numbers in parentheses in this closure refer to Bibliography (con- 
tinued) at end of closure. 


FEBRUARY, 1945 


which the inner numbers indicate w’s for r = 0.1/w,, where r 
sec is the time-constant, and w,, rad per sec, is the natural fre- 
quency of the piston-valve itself. If of constant amplitude, +1 
psi, pressure p acts on the piston to produce an oscillation of am- 
plitude z with the sensitivity-lag locus b taking a constant of 
unity, e.g., at zero frequency (11). Then curve c shows the 
response of the regulated system with the over-all sensitivity 
S = 8S, X S;and the total lag ¢ = ¢, + dz. Since this curve 
does not enclose the critical point —1, jO, this regulated system 
would be stable. 

But if the line capacity is such that the response of the line 
pressure p to the oscillation of the valve is shown by the outer 
graduations of semicircle d (for r = 1/w,), then that of the 
regulated system is shown'by curve e. Since curve e encloses the 
critical point, this regulated system would be unstable. 

The Nyquist approach takes advantage of the fact that steady 
sinusoidal oscillations produce others whose amplitude and lag 
may be used to determine stability. Empirical and/or oper- 
ational techniques (9, 12) may be,used as convenient. And the 
concept itself is valuable, even though loosely used asin the pres- 
ent paper. 
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Economic Thickness of Thermal Insulation 


for Intermittent Operation 


By C. B. BRADLEY,' C. E. ERNST,? V. PASCHKIS! 


Economic thickness of an insulation is defined as that 
thickness yielding the smallest sum of cost of heat loss and 
fixed cost ofinsulation. The difficulties in determining the 
economic thickness for intermittent operation are re- 
viewed. By means of the electrical-analogy method, 
curves have been developed which permit the ready deter- 
mination of the heat losses in intermittent operation for 
any temperature, any single-material wall, any intermit- 
tency, any length of period, and any film conductance. 
These curves permit the determination of the economic 
thickness for intermittent operation. The application of 
the curves is illustrated by an example. The influence of 
intermittency on the economic thickness is discussed for 
one specific case. The limitations of the method and 
prospect of obtaining results avoiding the limitations are 
considered. 


THE PROBLEM 


HE cost of operation of any piece of industrial equipment, 

whether it be in a chemical or similar process, or involved 

in an operation in the manufacture of a metal article, is of 
prime importance. When the operation of such equipment in- 
volves the application of heat or refrigeration, the application of 
thermal insulation to reduce heat transmission through the walls 
af the equipment becomes a major consideration. 

The application of insulation obviously adds to the cost of the 
equipment. However, the reduced heat transmission, resulting 
from the application of insulation, gives an economic justification 
for the added cost. In other words, it can be demonstrated that 
the saving in heat energy will more than pay for a given amount 
of insulation. 

As the thickness of insulation is increased, the cost of heat- 
energy loss per unit of time is obviously decreased, but the cost 
of the insulation (cost per unit of time determined by amortizing 
initial cost over a given number of time units) is increased. 
Therefore, the economic thickness is that thickness which gives 
the least sum of the two costs. The relationship between these 
two costs, and the way they affect the determination of economic 
thickness is visualized in Fig. 1. 

It is to be noted that the first increment of thickness of a good 
thermal insulation effects a greater saving in heat energy than 
the second increment, the second increment a greater saving than 
the third and so on. Also, for similar cases of steady and unsteady 
state, the cost of heat loss and annual cost of insulation are, in 
general, both less for unsteady state. 


1 Research Physicist, Johns-Manville Research Laboratory, Man- 
ville, N. J. 

* Staff Engineer, Industrial Insulation Department, Johns-Man- 
ville, New York, N. Y. 

? Research Associate, Department of Mechanical Engineering, in 
charge of Heat Transfer Laboratory, Columbia University, New 
York, N. Y. 

Contributed by the Heat Transfer Division and presented at the 
Semi-Annual Meeting, Pittsburgh, Pa., June 19-22, 1944, of THE 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


Steady state is the process of heat flow where the temperature 
at any point in a wall structure is independent of time, and un- 
steady state is the process of heat flow where temperature varies 
with time. 

When the heat flow through the walls of heated or refrigerated 
equipment takes place under steady-state conditions, the deter- 
mination of the economic thickness of insulation is a relatively 
simple operation, as the heat flow is a function of only the conduc- 
tivities of the materials in the wall and the equilibrium tempera- 
ture gradient. The heat storage of the wall is only a factor in the 
initial heating up of the wall and has no bearing on the heat flow 
once a steady-state condition is attained. 

For flat surfaces (single material), and steady state, this 
thickness may be determined (1)* from the equation 


ak 
X =4/—— 
\3 


in which X is the most economical thickness, k is the thermal 
conductivity of the insulation, b is the cost of insulation per inch 
thickness per year, R is the sum of the resistances of all of the 
other elements in the construction and 


Y(t, —4&)M 
1,000,000 


in which Y is hours of operation per year, t, is the temperature of 
the warmer surface of the wall, ¢ is the air temperature on the 
cooler side of the wall, and M is the value of the thermal energy in 
dollars per 1,000,000 Btu. This formula applies only when the 
time of continuous operation is sufficiently long to make the 
amount of stored heat negligible with respect to the total heat 
transmission. 


COST PER VEAR 


THICKNESS 


Fie. 1 


A, Cost of insulation 

B, Cost of heat-energy loss 
C, Sum of A and 

Subscript 1, steady state 
Subscript 2, unsteady state 


Where the heat flow takes place under unsteady-state condi- 
tions, i.e., where the temperature varies with time, the deter- 
mination of the economic thickness is complicated by the fact 
that the heat flow also varies with time, and it is therefore 
necessary to determine the average flow. The average heat flow 
is a function of the average temperature gradient through the 


4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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wall which is affected by the heat storage capacity (density x 
specific heat), as well as by the conductivity. 

For the purpose of this paper, it is assumed that the inside 
temperature follows a pattern or cycle of variation, where for a 
portion of the cycle the tem). rature difference across the wall 
is increasing and for the remainaer of the cycle the tempera- 
ture difference is decreasing. If, for each cycle, the temperature 
variation at any point in the wall duplicates that of the previous 
cycle, a state of cyclic equilibrium can be said to exist. The 
average heat flow of a typical cycle (after cyclic equilibrium is 
attained) is used as a basis for economic calculations. 

In the selection of the most economic materials for composite 
walls in unsteady operation, it is necessary to take into account 
the maximum temperatures reached at the interface points 
within the wall. It is obvious that for many cases the maxi- 
mum temperature for a given point in a wall will be appreciably 
less than the steady-state temperature, which means that for a 
given set of conditions a less expensive combination of insulating 
materials could be used for the unsteady state with a given 
maximum temperature on the hot side than for the steady state 
with the same maximum temperature. 


METHOD oF APPROACH 


So far there have been no formulas available for the deter- 
mination of unsteady-state heat flow that compare with the cal- 
culations for steady-state flow in simplicity and economy of time. 
A rigorous mathematical analysis of the heat flow in cyclic opera~ 
tion would be ideal. This would, however, involve a solution of 
Fourier’s differential equation of heat flow applied to the partic- 
ular problem, and this is possible for only a few simple con- 
structions and conditions. This has been done for sinusoidal 
temperature variation, considering a 24-hr period only (2). 

The graphical method of Schmidt (3) presents a means of solv- 
ing many unsteady-state problems, but it is very tedious and 
time-consuming and involves certain assumptions which limit its 
accuracy. 

Probably the most useful mathematical method for solving 
unsteady-state heat-flow problems is the application of Christo- 
pherson and Southwell’s relaxation method described by Em- 
mons (4). This method is applicable to a large variety of such 
problems and its accuracy is good. The time of calculation, 
especially for cyclic-heat-flow problems, is however long in com- 
parison to the use of the curves described in this paper. 

Direct determination of heat flow in the unsteady state by 
experimental means requires a degree of instrumentation and of 
testing technique, which is, in general, so time-consuming that it 
is usually quite out of the question. This has been pointed out 
in a previous paper by two of the authors (5). Perry and Berg- 
gren have published a very interesting extension of Schmidt’s 
method for application on hollow cylinders (pipe insulation) 
exposed to a sudden change of temperature from the inside (6). 

There has been a definite need for a short and accurate method 
of aetermining heat flow for intermittent heating or cooling opera- 
tions but, since the development of such a method involved the 
accumulation of data from a vast number of wall constructions 
under actual operating conditions, it was a considerable, if not 
practically impossible, undertaking until the advent of the “‘Heat 
and Mass Flow Analyzer” at Columbia University. 

A test program, designed to develop a short method, was in- 
stituted and carried out on the analyzer. The result of this work 
is a method which requires only the reading of values from 
curves and a small amount of arithmetic to determine the heat 
flow for any cyclic operation. 

In describing the present method of determining heat flow, two 
characteristics have to be discussed: 
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1 The method of investigation (utilizing the heat and mass 
flow analyzer). 

2 The method of presentation by means of dimensionless 
units which allow the simple procedure mentioned. 

The entire program has been carried out by the electrical- 
analogy method. This method, described previously (7), is 
based on the identity of the equations for loading of a nonin- 
ductive resistance-capacity circuit and those governing the heat- 
ing or cooling of a wall initially at zero temperature difference. 
This identity leads to the following analogy: 


Heat terms 
Temperature difference 
Rate of heat flow 
Thermal resistivity 
Volumetric specific heat 


Equivalent electrical terms 
Voltage 
Current 
Electrical resistivity 
Electrical capacity 


In order to utilize this method, a resistance-capacitance circuit 
must be built, the electrical properties of which are, by certain 
equations, related to the thermal properties of a wall. This 
circuit is then subjected to intermittent applications of voltage 
according to the intermittency and length of period in the thermal 
problem. 

In carrying out the electrical experiments, it is not necessary 
to use the same time as in actual heat flow. By appropriate 
selection of the electrical properties a “time ratio” can be ap- 
plied. The experiments were carried out with various time ratios, 
so selected to make the experiments as short as possible, and still 
give good reading on the instruments. Thick walls, with slow 
changes of temperature and heat flow from the cold surface, were 
investigated with low time ratio, i.e., by relatively short electrical 
experiments. Thin walls, with fairly rapid changes of tempera- 
ture on the cold surface were investigated with high time ratio, 
i.e., by relatively long experiments. 

The setting up of a large number of such circuits as required 
for a large number of walls is facilitated by using the heat and 
mass flow analyzer. This analyzer consists of a great number of 
resistors and condensers so arranged as to facilitate the setting up 
of a large variety of circuits. Recording voltmeters are provided 
which allow the recording of voltage-time curves, which are 
analogous to temperature-time curves; the current, read on 
milliammeters, can be translated into the rate of heat flow. 

The end of the circuit representing the hot surface of the wall 
is connected for a period equivalent to the time ‘‘on’”’ to a power 
supply held at a constant voltage equivalent to the inside tem- 
perature. After the time ‘‘on” has elapsed, the power supply is 
disconnected and the circuit starts to discharge. Following the 
basic assumption that no heat can be lost from the hot surface 
except that flowing through the wall, the circuit remains open at 
its “hotend.” At the “cold-surface end,” current continues to 
flow out of the circuit, equivalent to the heat flowing from the 
cold surface during the time “‘off.”” At the end of the time “off,” 
the power supply is again connected. This procedure continues 
until ‘cyclic equilibrium” is reached. 

In order to be able to present the results in a general way, 
certain simplifications had to be made which limit the accuracy. 
The possibility of eliminating some of these simplifications in 
future experiments is discussed later. Here a brief statement of 
the simplifications will be given in order that the method of pres- 
entation may be easily understood. 

The main simplifications are as follows: 


1 The insulated space is tight. The heat exchange takes 
place only through the wall with no by-pass such as stack loss. 

2 No corner effect. Only walls of infinite size have been in- 
vestigated. 

3 The walls have been considered to be homogeneous. The 
influence of joints has not been considered separately. The prop- 
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erties used for the walls have been thought of as including joints 
and similar irregularities. 

4 The thermal properties of the wall material do not change 
with temperature. 

5 The film conductance on the inside surface is infinite. 

6 The entire energy exchange takes place between sink or 
source of energy and the inside surface of the wall. (No load in 
refrigerator or furnace.) 

7 The temperature on the inside surface instantly reaches its 
final value and remains constant during the time ‘‘on.” This 
implies an infinite rate of energy input to the enclosure for the 
infinitely short time required to bring the inside surface to its 
final value. 


The greater part of this paper deals with homogeneous walls 
constructed of a single material. A brief review is given of the 
treatment of two-material walls where the two materials are 
arranged in such a manner that the heat flows through the two 
materials consecutively. 

After it had been decided to carry out the investigations by the 
analogy method, the question of best presentation had to be 
solved. Because of the great number of variables, the idea of 
gathering data for different combinations of variables appeared 
rather hopeless. The use of dimensionless units, long known, 
has been summarized and reviewed by P. W. Bridgman (8); it has 
been applied to the heat flow in solids. H. P. Gurney (9) first 
suggested the use of the combinations used in the present analysis 

“ and m = iL 

Here a denotes thermal diffusivity (= conductivity /volumetric 
specific heat) 


P' = 


P = total time or period of one cycle, i.e., time ‘‘on’ 
“off’”’ 

L = thickness of single-material wall 

P’ = reduced period (sometimes called Fourier number) 

h = film conductance 

k = thermal conductivity 

m = relative boundary resistance 


+ time 


The dimensionless unit P’ ties the length of the cycle (P) in 
with the characteristics of the wall (a/L?). 

The two dimensionless units P’ and m are sufficient to char- 
acterize any single-material wall for the conditions of this paper. 
It should be noted especially that they hold only for the case of 
infinite inside-surface conductance, i.e., a given temperature is 
impressed directly on the inside surface. 

The resulting heat flow over 1 cycle is also expressed in dimen- 
sionless units; this is achieved by comparing it with the heat 
flow in steady state. Because of the “‘off”’ periods, the average 
heat flow over the time P will be smaller than if the wall were in 
continuous operation over the same period. The fractional heat 
flow, abbreviated FHF, is the ratio of the heat flow occurring 
with intermittent operation to the rate of heat flow in continuous 
operation or steady state, Qs, 


Qi 


St 


FHF = <1 


The last unit that enters the picture is the “intermittency,” 
f, which is defined as the ratio of time “‘on’”’ to time “on” + time 
“off” or the ratio of time “‘on’’ to period 


On 
On + Off 


Before presenting actual experimental results, it may be well 
worth while to consider qualitatively what happens. Consider 


Fig. 2. Intermittencies are plotted as abscissas; fractional heat 
flows, as ordinates. Consider first an operation of any intermit- 
tency with P approaching infinity. After only a fraction of the 
total time P, steady state in the wall is reached; during the bal- 
ance of the time “on,” the rate of steady-state flow will prevail. 
Since P is very long, the greater flow during the first part of ‘“‘on’’ 
becomes insignificant; the fractional heat flow compares the 
average heat flow during P with the steady-state flow. Thus 
when P is very long, the total flow during P is approximately 
Qs::“On.’”’ The heat flow in steady state would be Qs;- (On +- 
Off); hence 


Qs.(On + Off) On + Off 


f 


For very great values of P, therefore, FHF approaches f for 
any value of f. 

Selecting equal scales for FHF and f, the line for P infinity will 
be a straight line at a 45-deg angle (curve 1, Fig. 2). 

Consider now the opposite limit of an extremely short period 
approaching 0. During the “off” time of such a short period, the 
inside surface has no time to change temperature. The value of 
the average rate of heat flow for cyclic equilibrium approaches 
that of steady state, i.e., the fractional heat flow approaches unity. 
The upper limit of FHF is therefore a line parallel to the ab- 
scissa (curve 2, Fig. 2). All curves for various values of P are 
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bound to lie between these two limits. A set of curves as shown 
in Fig. 2 may therefore be expected. 

The happenings become more clear, if cross curves to the curves 
of Fig. 2 are drawn, as in Fig. 3. The period P is plotted on the 
abscissa and FHF again on the ordinate. One curve is shown 
which holds for one intermittency. The curve starts at FHF = 1 
for P = zero, then decreases with increasing P and approaches 
asymptotically a value of FHF which is equal to the f for which the 
curve holds. 

A chart, such as the one exemplified in Fig. 2 or in Fig. 3, holds 
only for a given value of m. Inasmuch as m may be different for 
different conditions, there was the choice of a large number of 
graphs, following Figs. 2 and 3, for different values of m with 
interpolation between graphs for values of FHF, or a set of curves 
for m = 0 with correction factors for other values of m. It is 
believed that this second method results in easier handling of the 
graphs. 

In order to use such curves, it is always necessary to determine 
first the steady-state heat flow; the curves show merely the 
fraction of this steady-state flow occurring under given conditions. 

The presentation of results for the two-material wall was found 
to be more complex than the presentation for the single-material 
wall. 

An analysis (as yet unpublished) made by Dr. M. Avrami of 
Columbia University showed that all two-material walls having 
the same characteristic figures behave in the same way. The 
characteristic figures are as follows 


ion 
+ 


In these formulas the following notations are used: 


L = thickness of one layer 

k = thermal conductivity 

7 = time ratio 

c = specific heat 

p = volumetric density 

P = length of period (time ‘‘on’’ plus time “‘off’”’) 

g = characteristic wall figure 

z = relative resistance 

In the equations, the subscripts 1 sre used for all items re- 
ferring to inside material, and the subscripts 2 are for all items 
referring to outside material. 

Moreover, he suggested that the heat flows in a two-material 
wall, in so far as intermittent heating is concerned, can be approxi- 
mated by those of a so-called “equivalent single-materia! wall,” 
which is found by using the thermal properties of the inside ma- 
terial with an “equivalent thickness” L, defined by 

ki 
kz 
In order to eliminate the error due to this approximation, a 
correction factor must be used. To obtain the FHF of a two- 


material wall, the FHF for the “equivalent single-material wall” 
must be multiplied by this correction factor. 


RESULTS AND EXAMPLE 
Fig. 4 shows a chart with correct figures drawn following the 
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scheme discussed in general in Fig. 2. Intermittencies are plotted 
on the abscissa, fractional heat flows on the ordinates, the indi- 
vidual curves hold for different values of P’. Fig. 4 is drawn for 
m = Oor, in other words, for zero surface resistance. This means 
that the chart holds for the case where the outside surface of the 
wall is held at constant temperature. 

It has been stated previously that the results hold accurately 
only for the case in which the inside surface reaches its final 
temperature immediately. 

It has been mentioned that the main chart was made for a 
value of m = 0 and that correction charts have been prepared to 
take account of finite film conductances. It is impossible to show 
here all these correction factors. By way of example, Figs. 5 and 
6 are shown giving the correction factor Cy for various values of 
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Fic.4 FHF Versus f ror Various VALuEs or P’, m = 0 
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Fic. 5 Correction Factor Cr ror f = 0.2 
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Fic. 6 Correction Factor Cr rorf = 0.3 
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P’ and several values of m for intermittencies of f = 0.2 andf = 
0.3. 

A great many experiments were carried out in order to gather 
correction factors to be applied to the heat flow of the “equivalent 
single-material wall” to find the heat flow for two-material 
walls. Out of the large number of correction factors C2, a few are 
plotted by way of example in Fig. 7. Correction factors are closest 
to 1 for values of g near unity. For small g, the correction factors 
are very low, for high values of g, they become quite large. Inas- 
much as the correction takes place by multiplication by the 
correction factor, low values of the latter as well as high ones 
indicate large correction. Necessary correction decreases with 
decreasing values of P’; with increasing values of x; with in- 
creasing values of f; with decreasing values of m. 

It appeared desirable to know the temperatures within the wall, 
particularly for two-material walls. Dimensionless representation 
was again selected. Rather than attempting to plot tempera- 
tures directly, the temperatures for any point in the wall were 
plotted as fractions of the steady-state temperature for the same 
point (fractional temperature). However, as only the maximum 
temperatures are of interest, they only are plotted. Fig. 8 shows, 
by way of example, such a curve giving the fractional tempera- 
tures (maximum) versus P’ for m = 0.5 and f = 0.25 (single- 
material wall). 

An example of the difference in economic thickness determined 
on the basis of steady-state and unsteady-state heat flow is 
demonstrated in Table 1. The economic thickness for both steady 
and unsteady state is worked out in the manner shown because a 
formula, similar to that used for steady state, would be so com- 
plex as to be impractical for unsteady state, and it was desirable 
to have the two examples directly comparable. The example is 
for a wall of a high-temperature furnace, constructed of JM-20 
insulating firebrick. Operating conditions are 8 hr ‘‘on”’ (2%/; 
hr heating up; 5'/: hr holding at maximum temperature) and 
16 hr “‘off;”” maximum temperature 1900 F; outside air 100 F; 
and operating time 7200 hr per year. Costs are $100 per thou- 
sand brick for material and labor, 15 per cent annual charge and 
30 cents per million Btu for heat. 

It is to be noted in this instance that the economic thickness 
for unsteady state falls between the 7'/,-in. and 9-in. thicknesses. 
However, owing to the flatness of the total-cost curve, a 5-in. 
thickness can be chosen as the economic thickness. This com- 
pares with the 13'/;-in. thickness for steady state. Also, as evi- 
dence that estimations of the intermittent rate of flow frequently 
used are unsafe, it should be pointed out that the fractional heat 
flow varies from 0.48 for the 5-in. JM-20 to 0.63 for the 9-in. 
JM-20. This is a change of better than 30 per cent. 

To demonstrate the simplicity of determining the unsteady- 
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Fig. 7 Correction Factors ror Two-MaTEeRIAL WALLS FOR 
Va.uss or P’ INDICATED ON THE CURVES 
(Solid line Xi; = 0.2; dashed line X1 = 0.5.) 


Fie.8 Maximum Fr Versus P’ ror OuTsipE SuRFACE OF A SINGLE- 
MaTERIAL WALL 
(m = 0.5 and f = 0.25.) 


state heat flow by the present method, the calculation for the 
9-in. wall thickness is given as follows: 

In order to average the properties over space and time, the 
temperature at which k and ¢ are determined is 


1+f 
1900 


Assuming a linear temperature rise during the 2'/,-hr heating 
up period, the intermittency is taken as 


6.75 


2.5 


Hence the properties are selected for the temperature 
1900 - 1.281/4 = 608 F 

At this temperature for JM-20 brick 


k = 0.0875 Btu ft/hr sq ft F 


TABLE 1 DIFFERENCE IN ECONOMIC THICKNESS OF INSULATION FOR STEADY-STATE 
; AND UNSTEADY-STATE HEAT FLOW 
Million Btu Cost per year . Cost per year Total 
Thickness, Btu per hr per sq ft heat loss, No. brick brick, cost per year, 
in. per sq ft per year dollars per sq ft dollars dollars 
Sreapy Srate 

5 401.8 2.893 0.868 7.12 0.107 0.975 

7 291.3 2.098 9.629 9.96 0.149 0.778 
7/2 272.7 1.964 0.589 10.68 0.160 0.749 

9 229.7 1.654 0.496 12.80 0.192 0.688 
91/3 217.9 1.569 0.471 13.52 0.203 0.674 

0 207.7 1.496 0.449 14.24 0.214 0.663 
1l'/: 180.2 1.298 0.389 16.38 0.245 0.634 
12 173.1 1.246 0.374 17.08 0.256 0.630 
121/23 166.4 1.199 0.360 17.80 0.267 0.627 
131/3 154.5 1.113 0.334 19.20 0.288 0.622 
14 149.3 1.075 0.323 19.92 0.299 0.622 
14!/s 144.4 1.040 0.312 20.64 0.310 0.622 
16 131.1 0.944 0.283 22.76 0.341 0.624 

Unsteapy State 

5 166.1 1.196 0.359 7.12 0.107 0.466 

ri 146.8 1.057 0.317 9.96 0.149 0.466 
7/2 141.2 1.017 0.305 10.68 0.160 0.465 

9 126.2 0.909 0.273 12.80 0.192 0.465 
91/2 122.2 0.880 0.264 13.52 0.203 0.467 

10 118.1 0.850 0.255 14.24 0.214 0.469 
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c = 0.23 Btu/lb F 
p = 0.31 lb/cu ft 


A surface conductance of 2.13 Btu/sq ft/hr (0.47 surface re- 
sistance) is used 


24 X 0.0875 


= 0.524 


=. 31 X 0.23 X 0.562 


1800 
8.57 + 0.47 


= 199.2 Btu/sq ft hr 


From Fig. 4 for f = 0.281 and P’ = 0.4 FHF = 0.657 
P’ = 0.6 FHF = 0.609 
By direct interpolation for f = 0.281 and P’ = 0.524 
FHF = 0.627 

Using the film resistance of 0.47 


0.75 = 0.055 


mo 


The correction factor Cpyr is determined from Figs. 5 and 6 


For 0.3 Crur 1.01 
0.2 Crur 1.02 


By direct interpolation for f = 0.281 Cryr = 1.012. 

Therefore, the corrected FHF = 0.627 X 1.012 = 0.634. 

The average heat flow is then 199.2 X 0.634 = 126.2 Btu/sq 
ft hr. 

By way of demonstrating the accuracy of this method of deter- 
mining the heat flow, the heat flow for the 24-hr period for the 
9-in. JM-20 wall is 24 126.2 Btu or 3030 Btu per sq ft which 
compares With 3350 Btu per sq ft for a 9-in. JM-20 wall in actual 
test under similar conditions as reported in a previous paper by 
two of the authors (5). 

It would be desirable to have general curves showing the 
economic thickness as a function of intermittency. However, the 
large number of variables involved makes the development of 
such curves impractical. Therefore, by way of example, the effect 
of intermittency on unsteady-state economic thickness is demons- 
trated by the curve in Fig. 9. This curve is based on JM-20 
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brick using the temperature conditions, costs, etc., used in the 
examples just given. The end points of the curve must obviously 
be zero thickness for an intermittency of zero and the steady- 
state economic thickness for an intermittency of 1. The general 
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shape of the curve between these end points is a function of the 
various factors determining the economic thickness and would 
appear to hold for other similar curves covering other sets of 
conditions. 


ACCURACY AND SIMPLIFICATIONS 


As mentioned previously, the tests were based upon a number 
of assumptions which made a simple and fairly comprehensive 
presentation possible. A discussion of the limitations of the 
method and the prospects of eliminating some of them is there- 
fore in order. 

The accuracy of the analogy method depends upon a number of 
different items discussed in some detail in a recent paper (10). 
From these considerations, it can be estimated that the accuracy 
of the experiments was within 2 to 3 per cent as far as heat loss is 
concerned. The accuracy for the temperatures is less; this was 
accepted in order to keep the presentation simple. In view of the 
fact that the thermal properties of insulating materials are not 
known with any greater accuracy and, moreover, change with 
temperature, the achieved degree of accuracy was considered to 
be entirely sufficient. 


Fic.10 Errect or Corners on Heat Flow 


= 


Fia. 11 


A, Cost of insulation 

B, Cost of heat-energy loss 
C, Sum of A and B 
Subscript 1, without corners 
Subscript 2, with corners 


The assumption of no corner effécts leads to results which are 
sufficiently accurate for large enclosures. For small enclosures, 
however, considerable errors may occur; the smaller the enclosure 
the greater the error. This becomes evident from Fig. 10, which 
shows conditions for the two-dimensional corner; conditions in 
the three-dimensional corner are correspondingly aggravated. 
The total heat flow through the walls of a small enclosure, taking 
into account the corner effect, is higher than that of an enclosure 
insulated equally but discounting the corner effects. This holds 
for any intermittency and length of period. It is obvious that the 
volume of insulation per unit inside area is smaller than with 
corners. Therefore, the cost of the insulation increases more 
steeply if corner effects are considered than without them. The 
corner effect (shape factor) will decrease the economic thickness 
and increase the heat loss at that thickness (Fig. 11). Fortu- 
nately, the present investigations allow an approximation, which, 
except for extremely small furnaces, yields acceptable results. 
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Instead of introducing the thermal diffusivity of the materials 
actually employed, fictitious values are used which take into 
account the decrease of thermal resistance and the increase of 
thermal capacity due to the corner effects. 

The “thermal conductivity” is increased by multiplying it by 
the ratio of the geometric-mean area to the inside area of the wall. 
This is equal to a ratio of the rate of heat flow with to that with- 
out corners. 

Similarly, the “specific heat” is increased. Let V, be the wall 
volume without corners, V, the volume with corners, then in- 
stead of using the value c of specific heat, a value tte cis 

8 
used. 

The density is not changed but is introduced at its actual value. 

For single-material walls of extreme thickness and small in- 
side dimensions, a further improvement can be made by dividing 
the thickness into two layers and treating the wall as a two- 
material wall, correcting the conductivity and specific heat for 
each of the two layers separately. If the enclosure is insulated in 
a different way on its six sides, each side has to be treated ac- 
cordingly. 

The assumption of no joints cannot be avoided in any general 
solution. A study by one of the authors of the influence of joints 
in one particular low-temperature steady-state application has 
been published (11). The electrical-analogy method lends itself 
easily to such studies. 

The thermal properties of most insulating and refractory ma- 
terials change to a considerable degree over the entire tempera- 
ture range. Unfortunately, the changes are different for different 
materials. Consequently, it is not possible to obtain general 
curves. Moreover, the generality would be lost even for one ma- 
terial if it were used at different temperature ranges, say once for 
a furnace at 1800 F, and then for one at 1400 F. If for any one 
specific case of sufficient importance (e.g., the annealing furnaces 
for the lens of the Mt. Palomar observatory) it appears desirable, 
investigations taking account of the change of properties can be 
carried out on the analyzer. But for general purposes, it is neces- 
sary to use the curves based upon constant properties. Several 
tests based upon conductivity-temperature and specific heat- 
temperature curves were carried out and compared with an ex- 
periment in which the properties were held constant during the 
experiment. They showed that the differences were reasonably 
small, the ratio of the results not exceeding, even in the most un- 
favorable case, 1.075. 

Preliminary tests showed that the assumption of infinite in- 
side film conductance is, for all wall designs which may be 
reasonably expected, permissible. This is not surprising. An 
inside film conductance of 10 Btu/sq ft hr F would not add appre- 
ciably to the resistance of a well-insulated structure. In the rela- 
tively few cases where conditions of essentially still air and low 
temperature obtain, the error due to neglecting film conductance 
would be somewhat greater. 

The assumption of an empty enclosure is not particularly de- 
sirable as many insulated spaces are heated or cooled together with 
a charge. However, there was again the choice to be made be- 
tween generally applicable curves and curves which would be 
more true to practice but applying only to individual cases. 
The difficulty encountered in an attempt to get general solutions 
including load is that the total energy input is split. If the energy 
input is thought of as taking place at the inner surface of the 
structure, then part flows into the wall and part into the load. 
If the ratio between both were constant (as might be the case in a 
furnace with continuous flow of load), then general curves could 
be set up. But the curves are most important for cases where 
the flow of load is not constant (batch operations). In such cases, 


the distribution between energy absorbed by the wall and energy 
absorbed by the load changes continuously as the saturation of 
the load proceeds. To make things worse, the distribution de- 
pends upon the temperature range at which the enclosure is 
operated as well as upon the shape, size, and material of the load 
and upon the nature and position of the temperature control. 
Again, individual cases can easily be investigated on the analyzer 
but no general curves should be expected. However, it would be 
possible to investigate the influence of the load on the selection 
of the insulation in some typical cases. It is not impossible that 
a more or less empirical rule might be found from such a set of 
experiments. 

If the rate of energy input at the start of a cycle were infinite, 
then the assumption of “sudden temperature rise’ would be 
correct. However, this assumption does not hold. Each ‘‘on”’ 
period is really comiposed of two parts: i.e., the first can be with 
sufficient accuracy considered to work with constant rate-of- 
energy input; during the second, the inside temperature is held 
constant. For heating up from cold to steady state, these condi- 
tions have been investigated and solved in a general way by one 
of the authors (12). For the intermittent operation covered by 
this paper, they have not been considered. It is possible to set 
up curves similar to Fig. 4 of this paper based, however, upon the 
assumption that during the first part of the ‘‘on’’ period up to 
the time at which the inside surface temperature reaches the 
final temperature, only n times the rate of steady-state heat flow 
at this temperature is available. The amount of experimental 
work involved would be quite appreciable. 

In the meantime, the approximation used in the example given 
is advisable. For this purpose, one half of the time which the 
equipment needs to reach full temperature is deducted from 
the ‘‘on” period and added to the “off” period. For instance, in 
the example, a furnace which operates 8 hr “fon” and 16 hr “‘off”’ 
was considered. The heating-up period takes 2!/2 hr daily. 
Then, based upon the approximation, the ‘‘on’’ period would be 
counted as lasting only 6.75 hr; the “off” period as lasting 17.25 
hr. The intermittency would then be f = 0.281. Preliminary 
experiments proved that this method of approximation yields 
fairly accurate results; accurate enough for the purpose of deter- 
mining the economic thickness of insulation. 

The assumption of a tight enclosure is probably reasonable for 
a great many cases. There would be no difficulty in developing 
more sets of curves similar to that in Fig. 4 of this paper, each 
holding for a different amount of leakage of heat from or to the 
inside of the enclosure. In order to obtain general curves, this 
leakage would have to be expressed as a multiple of the insulation 
of the wall, i.e., a leakage resistance equal to n times the resist- 
ance of the wall. 


INSULATION APPLICATIONS TO INDUSTRIAL EQUIPMENT, 
INTERMITTENTLY OPERATED 


The economic applications of insulation to industrial equip- 
ment under intermittent operation are found in large numbers. 
For example, in the medium- and high-temperature fields, there 
are various types of heat-treating furnaces such as annealing, 
malleableizing, and carburizing furnaces, blast furnaces, and core 
ovens. In the low-temperature field, there are test chambers for 
aircraft equipment and personnel. These are but a few of the 
examples of equipment whose operation is inherently intermittent. 
As a matter of fact, any equipment which does not operate 24 hrs 
a day should be considered as in intermittent operation. For 
instance, a continuous type of annealing oven which operates at a 
constant temperature throughout the work day but is shut down 
overnight would show a very different heat loss on this basis from 
that determined for steady-state operation. 
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Paschkis, presented at the Semi-Annual Meeting, Pittsburgh, Pa., 
June 19-22, 1944, of Tam American Society oF MECHANICAL 
NEERS. 


Discussion 


G. D. Bacigy.§ The method of determining heat losses from 
intermittently operating equipment by setting up an analogous 
electrical circuit, as described in this paper, is a marked improve- 
ment over previous methods of making such measurements by 
direct thernial tests. Since the time involved in the electrical 
measurements is so short as compared with thermal methods, it 
should be possible to make a more complete study of each 
problem. 

In order to apply the method, however, the thermal con- 
ductivity and heat capacity of the heat insulation must be de- 
termined, and these measurements must still be made by the old 
methods of direct thermal tests. Once these constants have 
been established for a given type of insulation, it should be a very 
simple matter to determine the optimum economic thickness for 
any given application by the method described in this paper. 

The authors have made rather severe assumptions in order to 
simplify the formulas and make the electrical method applicable. 


5 Research Engineer, Union Carbide and Carbon Research Labora- 
. tories, Inc., Niagara Falls, Mem. A.S.M.E. 
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These assumptions appear to be amply justified when the method 
is used for the purpose of determining the optimum economic 
thickness of heat insulation, because the economic factors of 
depreciation and obsolescence and of the unit value of heat over 
a period of years are much less definitely known. The curves 
for the total cost, including cost of insulation and cost of heat 
energy lost, as shown in Fig. 11 of the paper, are usually rather 
flat at the minimum point, and the ordinary tendency is to choose 
a thickness of insulation slightly on the low side of the minimum. 
If obsolescence should retire the insulation in less than the as- 
sumed period of time, the saving in capital investment would 
more than balance the value of the extra heat loss, but if the 
period of use should extend beyond the assumed time, the in- 
creased energy lost would more than eliminate the saving in 
capital investment. 

Simplification 4 in the paper assumes that the thermal proper- 
ties of the wall do not change with temperature. Over relatively 
small temperature ranges, this assumption will not affect the 
result seriously, but when very high temperatures are involved, 
the thermal resistivity of the part of the insulation at the high 
temperature drops markedly, and the assumption will result in a 
thickness determination that is on the low side. If this effect 
were to be taken into account electrically, it would be necessary 
to set up a circuit in which the resistance varied with the voltage 
at any particular point in the circuit. 

Simplification 7 assumes an instant increase in temperature on 
the internal furnace wall to the maximum value when the heat is 
turned on, and this in turn requires an infinite rate of energy 
input at the instant of heat application. This assumption does 
not appear to affect the results for intermittent applications when 
the time cycle is fairly long, but for short periods and for low 
values of f, as shown in Fig. 2, it leads to an anomalous result. 
For curve 1 in Fig. 2, where P is equal to infinity, the result is 
not affected by this assumption, but for curve 2 where P equals 
zero and at the point at which f also equals zero, the graph shows 
that the fractional heat flow is equal to the full normal value for 
constant operation even when the ‘‘on” period is zero. It ap- 
pears that these curves should not be used for low values of f un- 
less P is large. 

This paper represents a valuable contribution to the methods 
of studying heat flow which has long been difficult and time- 
consuming. The clear definitions of the terms and symbols 
used in the paper are a valuable feature to the reader. 


M. H. Mawninngey.® The use of the heat and mass flow 
analyzer is showing increasing value as a means of reproducing 
thermal flow conditions for study, to avoid the almost impossible 
obstacles in the road of either mathematical or heat-test methods. 

Even with this new method, a considerable number of assump- 
tions must be made, as outlined in fhe paper. The writer agrees 
that all of these assumptions are unimportant to the result, with 
the exception of the first one, i.e., that the insulated space is 
tight. The first purpose of this discussion is to demonstrate 
that by-passing of heat should be considered in the case of in- 
dustrial heating furnaces, in which the writer is particularly 
interested. 

Referring to the example (with data in Table 1), the authors 
evidently mean that the cost of the fuel is $0.30 per million Btu 
fired at the burner (for example, natural gas delivered at 30 cents 
per thousand cubic feet). Of this million Btu fired into the fur- 
nace at 1900 F internal temperature, about 460,000 Btu leave as 
latent heat in the flue gases, and only 540,000 Btu remain as 
useful heat for work and for heat losses through the walls. The 
cost of these heat losses is therefore actually 1.85 times that 


® Consulting Engineer, Salem, Ohio. Mem. A.S.M.E. 
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TABLE 2 COST OF HEAT LOSSES ON REVISED BASIS 


At 1900 F furnace temperature, or 54 per cent efficiency 
2 3 4 5 6 


~ -—At 1000 F furnace temperature, or 76 per cent efficiency— 
8 9 10 11 12 


Years to Years to 


pay for Esti- pay for 
Yearly Yearly Total Net saved Investment increased mated Yearly Total Net saved increased 
cost of cost of yearly | over 5-in. forbrick investment Btu per cost of yearly over 5-in. investment 
Thickness, brick, heat loss, cost, thick per persqft, over 5-in. aq ft heat loss, cost, thick per over 5-in. 
in. dollars dollars dollars year, dollars dollars thickness per hr dollars dollars year, dollars thickness 
Srgapy Stats 
5 0.107 1.610 1.717 chee 0.712 an 174 0.495 0.602 sae aed 
7 0.149 1.165 1.314 0.403 0.996 0.705 127 0.360 0.509 0.093 3.06 
7/3 0.160 1.090 1.250 0.467 1.068 0.762 122 0.348 0.508 0.094 3.79 
9 0.192 0.918 1.110 0.607 1.280 0.935 103 0.293 0.485 0.117 4.85 
91/s 0.203 0.873 1.076 0.641 1.352 1.000 98 0.278 0.481 0.121 5.29 
10 0.214 0.831 1.045 0.672 1.424 1.060 94 0.267 0.481 0.121 5.88 
111/3 0.245 0.720 0.965 0.752 1.636 1.225 0.237 0.482 0.120 7.70 
12 0.256 0.693 0.949 0.768 1.708 1.282 79 0.226 0.482 0.120 8.21 
121/3 0.267 0.667 0.934 0.783 1.780 1.365 76 0.216 0.483 0.119 8.96 
18'/3 0.288 0.619 0.907 0.810 1.920 1.491 72 0.204 0.492 0.110 11.00 
14 0.299 0.598 0.897 0.820 1.992 1.560 70 0.198 0.497 0.105 12.20 
14!/3 0.310 0.578 0.888 0.829 2.064 1.635 68 0.193 0.503 0.099 13.67 
16 0.341 0.524 0.865 0.852 2.276 1.836 63 0.179 0.520 0.082 19.10 
Unsteapy State 
5 0.107 0.665 0.772 re 0.712 ‘ee 
7 0.149 0.586 0.735 0.037 0.996 7.66 Information not available 
7'/s 6.160 0.565 0.725 0.047 1.068 7.57 
0.192 0.505 0.697 0.075 1.280 7.56 
91/3 0.203 0.489 0.692 0.080 1.352 8.00 
0.214 0.472 0.686 0.086 1.424 8.28 
calculated on the basis of fuel cost at the burner. At 1000 F mittent operation, but a minimum thickness is indicated be- 


internal furnace temperature, 76 per cent remains as useful heat, 
and the cost is only 1.32 times the cost at the burner. 

Table 2 has been prepared by the writer to show the cost of 
heat losses on this revised basis (columns 3 and 9), and the total 
cost including brickwork cost (columns 4 and 10) for furnace tem- 
peratures of 1900 F and 1000 F, and for the same thicknesses of 
JM-20 insulating brick as were used in Table 1 of the paper. It 
is immediately evident that much heavier insulation is now in- 
dicated for the steady state at 1900 F on the basis of this more 
expensive fuel figure. 

This creates a question whether the assumption that the thick- 
ness which produces the least total cost is necessarily the best 
practical thickness, and the problem has been analyzed by the 
writer in another way in Table 2. 

For each temperature, the net saving in heat-loss cost per 
year was obtained, as compared with the minimum thickness 
of 5in. This was done by subtracting the increased brick cost 
above 5 in. thickness (15 per cent of the investment per square 
foot per year) from the increased savings per year over that for 
5 in. thickness. The additional investment over that for 5 in. 
thickness was then divided by the annual net saving to deter- 
mine the number of years required to return the initial additional 
investment. 

By this method, the economical thickness of insulation at 
1900 F for steady-state conditions would seem to be 9!/; in., if 
the investment is to be returned in 1 year, which is a measure 
commonly used in industry. By the same measure, no increase 
above 5 in. thickness would be indicated at the temperature of 
1000 F. These conclusions are based on fuel cost after correct- 
ing for furnace efficiency, as has already been discussed, and 
therefore cannot be compared directly with the conclusions 
reached in the paper. On the basis of a fuel cost of $0.30 per 
million Btu at the burner and with the assumption that ad- 
ditional investment is to be returned within 1 year, a thickness 
beyond 5 in. cannot be justified. The thickness of 13'/; in. 
arrived at by the authors’ method in the paper for steady-state 
conditions would require 3.42 years to pay for itself. 

For the unsteady state, the tabulation with a true valuation 
of fuel cost indicates a very heavy wall in place of the authors’ 
selection of 5 in., arrived at by the method of total cost. By 
the method of determining return on the investment, it would 
appear that the minimum thickness permitted by structural con- 
siderations should be used. It is well known that light brick 
linings will save large quantities of fuel, particularly on inter- 


cause of the lower conduction losses with this type of operation. 

In conclusion, it is the opinion of the writer that the develop- 
ment of a method of evaluation of heat losses for the infinite 
combination of possible conditions which are met in practice 
is a very real contribution. By the methods outlined in the 
paper, a great many problems will be solved which to date have 
resisted efforts by other methods, and future papers will be 
awaited by engineers interested in the many phases of heat 
transfer. 


R. L. Perry? anp W. P. Beracren.* The authors are to be 
commended for making available their simplified solutions for a 
difficult and important heat-flow problem. 

Analytical solutions for several transient cylindrical problems, 
which can be applied to pipe-line insulation, are given by Cars- 
law and Jaeger.® 

The assumptions which limit the Schmidt method, in par- 
ticular the use of average properties and subdivision of a wall 
into finite layers, also apply to the electrical-analogy apparatus. 
The principal disadvantage in the Schmidt method for cyclic 
problems is that, unless a fortunate estimate of temperature 
distribution at some point in the cycle is made, say, at the start 
of the ‘‘on” period, the graphical procedure must be carried 
through several cycles before a repetitive distribution is es- 
tablished. For particular examples, when general curves are 
not being attempted, the Schmidt and Emmons methods have 
not been superseded. 

It should be pointed out that simplifications 1 and 4 do not 
influence the wall loss during the ‘‘on” period, because of simpli- 
fication 7. They do affect the energy input required to approach 
simplification 7, and also affect the inner-wall temperature during 
the ‘‘off”’ period. 

If the shape of the warming-up temperature curve can be 
predicted, a closer approximation than allocating one half of the 
heating-up time to ‘‘on’’ and one half to ‘‘off”’ can be made. 


R. M. Srucwe.u.” The economics of any industrial process 


7 Associate Professor of Agricultural Engineering, and Associate 
Agricultural Engineer in the Experiment Station, University of Cali- 
fornia, Davis, Calif. 

8 Assistant Professor of Physics, and Assistant Physicist in the 
Experiment Station, University of California, Davis, Calif. 

* “Some Two-Dimensional Problems in Conduction of Heat With 
Circular Symmetry,” by H. 8S. Carslaw and J. C. Jaeger, Proceedings 
of the London Mathematical Society, series 2, vol. 46, 1940, p. 361. 

10 Mellon Institute of Research, Pittsburgh, Pa. 
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is often the major factor in its success or failure. Thus the con- 
tributions made by the authors in their present paper will find 
extreme usefulness in the many applications of insulation to tem- 
perature equipment under intermittent operation. 

The problem has not been completely solved. Certain con- 
siderations must yet be worked out, and many assumptions must 
be justified or corrected. In 1913 Prof. Edwin F. Northrup 
stated, ‘‘the flow of heat is often difficult of calculation and is al- 
ways difficult of precise measurement.”’ Thirty years from now 
this same statement if repeated will no doubt be as much in order 
as it is today. Yet it is only through farsighted vision that we 
recognize the problem, approach a solution from a basic view- 
point, and finally arrive at a workable and practical answer. 
This the authors have done with the problem presented in their 
paper, and they are to be commended for it. The adaptability 
to all insulations of the fractional heat-flow curves for the de- 
termination of economic thicknesses should serve as a stimulus 
to insulation manufacturers. Research programs must be 
broadened to include further investigation of thermal-con- 
ductivity and specific-heat values in the extremely low- and high- 
temperature ranges along with the ever-increasing develop- 
ment of new insulation materials. 

Dr. Irving Langmuir! was among the first to recognize the 
similarity between the flow of electrical and heat energies and 
made use of the analogy in the theoretical as well as experi- 
mental determination of shape factors for various geometrical 
designs. Many others have attempted to continue this work. 
With the inception of the heat and mass flow analyzer, present- 
day investigators have been given a new tool which may mean 
the discarding of time-consuming heat-flow measurements. 

It is most interesting to note that the method provides a means 
of making a more economical choice of a combination of insula- 
tion materials. This point is important; for under certain con- 
ditions, as in the walls of a steelmaking furnace, the service life 
of which is relatively short, a substitution of less expensive ma- 
terials may mean an appreciable saving. 

In the light of their results, the authors point out the in- 
advisability of using estimated intermittent heat-flow values. 
As an example, we recall the insulation of a group of four 1-in- 
diam copper tubes through which liquefied natural gas at a tem- 
perature of about —258 F was to be passed in regular cycles. 
After consultation the experts decided that 3 ft of insulation was 
necessary to prevent undue regasification of the liquid. How- 
ever, when the insulation was to be put into place it was found 
that the copper tubes had been installed in such a manner that 
there was space enough for a thickness of only about 6 in. The 
1-ft-diam enclosure did the job satisfactorily. 

The increasing use of the electrical-analogy method of deter- 
mining heat flow has brought into greater prominence the factor 
of thermal diffusivity. This is heartily applauded. The prac- 
tice of basing the selection of an insulating material upon thermal- 
conductivity values alone is certainly not in keeping with other 
rigorously scientific procedures. 

In the calculation of the illustrative problem, an explanation 
of the method for determining the average temperature would 
be appreciated. Is the formula, Maximum temperature 

(1 + Intermittency) 

4 
veloped in a manner similar to the intermittency approximation? 

In the section including an analysis of corner effects, the paper 
contains a so-called ‘‘fictitious” or equivalent specific-heat value. 
This is made up of the volume of the insulation without corners 


, anempirical quantity? Has it been de- 


11 “Flow of Heat through Furnace Walls, and the Shape Factor,” 
by Irving Langmuir, E. Q. Adams, and G.S. Meikle, Trans. American 
Electrochemical Society, vol. 24, 1913, pp. 53-84. 
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plus the volume with corners multiplied by one half the normal 
specific heat. This would seem to be a misprint as the specific- 
heat value would obviously increase beyond reason. 

Mr. Ludwig Adams" of our research organization has described 
some of the difficulties encountered in determining thermal con- 
ductivities of insulating material in ranges as low as —320 F. 
Those of us who have experienced these difficulties can ap- 
preciate the desire to eliminate any part of the tedious and time- 
consuming procedures involved in such investigations. 

For this reason, the writer would like to know if the authors 
have ever attempted the determination of k values by means 
of the heat and mass flow analyzer? Using experimentally 
determined temperatures on the surfaces of a given thickness of 
insulation, could the electrical circuit resistances be varied until 
the voltage readings corresponded to the temperature factors? 
If this could be done, the conductivity k could then be readily 
calculated from the resistance obtained, along with the thickness 
and the heat capacity of the insulating material. A means of 
obtaining temperature gradients might be through the con- 
struction of a cubical metal box, approximately 1 ft along each 
edge, and with an open top. Five different types of insulations 
or five different thicknesses of the same insulation could be fast- 
ened to the five faces of the box. The box could then be filled 
with a constant-temperature medium such as boiling liquid 
nitrogen, liquid propane, or liquid butane and so maintained for a 
suitable period of time until temperature equilibrium was estab- 
lished. The temperatures through the insulation could then be 
measured along the center line normal to each face of the box by 
means of thermocouples placed at convenient locations. Attack- 
ing this problem along the experimental lines noted would mean 
that at least five conductivity determinations could be accomp- 
lished in the time previously required for one. The authors’ 
comments upon this tentative suggestion will be greatly ap- 
preciated. 

Again, we congratulate the authors upon work well done, and 
we hope that these studies will be continued to broaden even 
further the knowledge of economical thermal insulations for inter- 
mittent heat flow. 


H. R. Witson.'* This practical demonstration of a method 
for determining the economical thickness of refractories and 
insulation serves to establish further the merit of the electrical- 
analogy principles, as developed by Dr. Paschkis. The presenta- 
tion is in a form facilitating general application to problems 
within the scope outlined and extension of the method to include 
more variables appears possible without undue complications. 
The simplifying assumptions appear to have been well taken, 
the relatively small loss in accuracy being compensated by in- 
creased utility. 


‘ 


AuTHuors’ CLOSURE 


A large part of the discussion deals with the various simplifica- 
tions made in the paper and therefore these comments will be 
answered first. 

Simplification 1 (Mr. Mawhinney) could be dropped but for 
the presentation by dimensionless charts, this would mean one 
more parameter, resulting either in a three-dimensional graph, 
or in a fairly large number of one-dimensional graphs. The 
(dimensionless) parameter to be introduced might be, e.g., in the 
form of a relative boundary resistance, active only during the off 


12 “A Method of Determining Thermal Conductivities at Low Tem- 
peratures,” by Ludwig Adams, paper presented at June 7, 1944, 
meeting of the American Society of Refrigeration Engineers published 
September, 1944, in Refrigerating Engineering. 

13 Research and Development Laboratories, 
Company, Painesville, Ohio. 
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period: resistance of heat leak/resistance of the wall. The 
authors agree that it would be desirable to extend the graphs for 
such case, if time and funds permit. 

Simplification 4. In the case mentioned by Mr. Bagley a 
simple and practical approximation would consist in considering 
the single layer wall to consist of two or more fictitious layers of 
different materials; the properties of each of these fictitious layers 
would be those of the true wall material, but selected for a dif- 
ferent temperature range; the temperature ranges would conform 
to the estimated temperatures for the respective part of the wall. 
As mentioned in the paper, curves for the two-layer wall are 
available, whereas for three or more layer walls no general 
solutions are available as yet. The authors cannot agree with 
Messrs. Perry and Berggren’s statement, that simplification 4 
does not influence the “on period.” f 

Simplification 7 (Mr. Bagley). The authors agree with the 
first part of Mr. Bagley’s statement (regarding the necessary 
infinite rate of energy input). Regarding curve 2 in Fig. 2 it 
should be pointed out that this curve is introduced as “limit” 
which as such of course can never be reached; an infinitely short 
period is physically not obtainable. If more curves were put 
between curves 1 and 2, they would follow closely the ordinate 
axis and near the value “‘one’’ bend very sharply to follow almost 
the horizontal line “one” for FHF. Because of the lack of curves 
in the upper left corner of graph 3, however, extrapolations in 
this range would be rather inaccurate. The authors believe, that 
few practical cases, if any, call for curves in this region. 

Two discussers (Mr. Bagley and Mr. Stutchell) bring up the 
problem of physical properties. It is agreed that the heat and 
mass flow analyzer is mainly a calculating device, which is ac- 
curate only to the extent to which the physical properties of the 
materials involved are known. However, it should be pointed 
out that the analyzer could be very helpful in determining prop- 
erties by operating it, so to say, in reverse. It has been proposed 
to determine thermal diffusivities through experiments with 
transient heat flow; by heating or cooling a body and observing 
temperatures at two or more points, the diffusivity can be caleul- 
ated. Calculation, however, is only possible if a number of con- 
ditions prevail: thermal conductivity and specific heat must be 
independent of temperature; the temperature or the heat input 
at the surface or some other characteristic point must follow a 
reasonably simple mathematical law and the shape of the body 
must be sufficiently simple to permit mathematical analysis. 
These conditions are mostly nonexistent or very hard to obtain. 
If the analysis of temperature-time observations is carried out 
on the heat and mass flow analyzer only the condition of simple 
shape need be retained, whereas the two other limitations do not 
apply. Thus by the use of the heat and mass flow analyzer the 
scope of the very promising method of determining the con- 
ductivity by the apparent detour of measuring temperature dif- 
ferences is greatly enhanced, and the experiments serving to 
establish the temperature differences are simplified. 
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Mr. Stutchell’s suggestion to use the analyzer for the steady- 
state conductivity measurements is interesting. The authors 
understand the idea as follows: if the cubical box is covered on 
five sides with insulation of different values (conductivity and/or 
thickness), and if the inside temperature is the same, then due to 
lateral heat flow on the different sides a certain temperature pat- 
tern will evolve. 

This pattern is characteristic for the conductivities involved. 
By trial- and error-method this pattern could be duplicated on the 
heat and mass flow analyzer, and thus the conductivities of the 
five materials could be found. Such procedure would be tech- 
nically possible; but the authors doubt if it would offer ad- 
vantages above and against the direct measurements of con- 
ductivity. The trial- and error-method on the analyzer would be 
quite lengthy; the maintenance of constant temperature on the 
inside of the body would be difficult; and the heat loss from the 
open top would be considerable. 

Mr. Mawhinney’s comments on the method of determining the 
economic thickness introduce the idea of “minimum thickness,” 
probably on the basis of the requirements of mechanical strength. 
It appears to be more desirable to determine the economic thick- 
ness from the thermal point of view, and independent of that the 
minimum thickness from the viewpoint of mechanical design; 
the choice then will of course be determined by the larger value. 
Mr. Mawhinney moreover suggests as ‘‘normal” to introduce an 
annual charge of 100 per cent rather than 15 percent. To the 
authors this appears to be exaggerated. The insulation thickness 
is thereby so reduced that the increased cost of heat lost every year 
of operation after the first would more than cover the cost of the 
greater thickness of insulation, calculated as “‘economic thick- 
’ However, the charts presented in this paper allow any 
method of selecting the thickness, including the one proposed by 
Mr. Mawhinney. 

Mr. Stutchell’s request for an explanation of the use of the 


ness.’ 


is answered as foliows. 


factor It is assumed that the space 


(referring to space occupied by wall material) mean temperature 
is approximately equal to one half of the inside surface tempera- 
ture; the latter is approximately proportional to FHF. FHF 
lies always between the imits 1 > FHF > ff. For many case- 
it is sufficiently accurate to put FHF =1/,(1+ f). Then the spaces 


time mean temperature 1s 2 ~~ ae times the maximum 


inside surface temperature. If the approximation FHF = 


2 
is not found to be sufficiently accurate, a step by step method can 
be applied. 
In connection with the fictitious specific-heat value, there was a 
misprint in the preprint, which has been corrected in the final 


paper. 
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Shear Strength of Glue Joints as Affected 
by Wood Surfaces and Pressures 


Including Data on Glue Penetration Into Wood and Relationship 
Between Glue Thickness and Shear Strength 


By J. W. MAXWELL,’ WALLINGFORD, CONN. 


The study reviewed in this paper was initiated to deter- 
mine accurately the pressures and types of surfaces that 
would insure the strongest glue joints. The prevailing 
idea that roughing wood prior to gluing has been proved 
to be faulty. Asa result of this study, the author advo- 
cates the use of the smoothest type of surface that is 
practical to produce. Photomicrographs of the various 
types of glue joints studied are presented and discussed, 
while graphs and photographs give evidence of the con- 
clusions drawn. A discussion on glue penetration is in- 
cluded, and conclusions are drawn concerning the possi- 
bilities of such a situation. A glue-film thickness and 
shear-strength relationship is also presented, with a brief 
discussion on the possible nature of adhesion. 


INTRODUCTION ° 


INCE the inception of the war, the use of synthetic-resin- 
bonded wood has attained major importance in replacing 
scarce and strategic metals in the manufacture of air- 

planes, PT boats, and many other war products. The science 
of wood engineering, particularly as related to the fabrication 
and assembly of wooden members through the use of modern 
adhesives, is still in the experimental stage. It is unfortunate 
that the available data are nowise comparable to those at the com- 
mand of engineers working with steel, the alloys of aluminum, 
etc. At the present time such engineers are metal-minded and 
logically so, largely because of a dearth of information on the 
superiority of wood over metal within its sphere of usefulness. 
Since wood, unlike metal, is of organic origin and results from 
the growth of trees, from its very nature it is a variable material 
of construction. Its proper use is therefore contingent on the 
solution of many engineering problems not encountered with 
metal, the composition of which can be accurately decided upon 
in advance, to insure the properties required. In the use 
of wood, design which insures the greatest working efficiency of 
wood for a product such as an airplane may be quite different 
from that where metal is used. Aeronautical engineers versed 
in designing metal planes will do well to keep this ever in mind. 
Wood has certain drawbacks as a structural medium, among 
which is the fact that it does not shrink equally in all directions, 
it varies in volume below the fiber saturation point with varying 
degrees of atmospheric humidity, etc. It does, however, have the 
advantage of relative cheapness and light weight in proportion 
te its strength. Furthermore, the objections traceable to the 
heterogeneity of wood can be largely overcome through the 
fabrication of plywood and laminated wooden members, using 
1 Wood Technologist, Plastics Division, American-Cyanamid Co. 
Compiled from M.8. degree thesis at the New York State College 
of Forestry and contributed by the Wood Industries Division of 
Tue American Socrtety or MecHANICAL ENGINEERS. 
Norge: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


modern methods of molding and synthetic-resin adhesives. The 
proper use of such adhesives in bonding wood to wood in making 
wooden members is a major problem in the woodworking industry 
today, a prime objective in the competition between wood and 
metal. This country has now arrived at the era of the refined 
use of wood. It will stand or fall in competition with metal 
only in so far as full advantage is taken of those peculiar prop- 
erties which recommend it for certain purposes in lieu of meta!. 


Purpose, NATURE, AND DEVELOPMENT OF THE INVESTIGATION 


The purpose of the present study from its inception has been 
to provide basic and accurate information relative to the bonding 
of wood. If the proper technique is used in making plywood, a 
material that is more homogeneous and stronger than solid wood 
will be the result. However, unless the bonding is as strong or 
stronger than that which holds the cells of wood together, the 
resulting product will be weaker than a piece of solid wood of the 
same dimensions. Strength of fabricated members at the glue 
lines therefore is of first importance; and gluing procedures that 
result in weak joints should be avoided. The subject research 
was initiated to determine accurately the pressures and types 
of surfaces that would insure the strongest glue joints, using a 
given kind of glue. 

Many types of surfaces and pressures were considered for use 
in this research. The types of surfaces to be glued were chosen 
from those commonly used in industrial practice. Good and bad 
types were selected intentionally, to indicate the disadvantages 
or advantages accruing from the use of such surfaces. Glue 
companies and other agencies have advocated glue pressures ap- 
proximating 200 psi.? It seemed desirable therefore to employ 
different pressures below and above this point, since it might be 
that pressures well under 200 psi would prove fully as effective 
in producing a strong joint as those above this figure. 

The development of the problem necessitated a study of the 
pressure methods in use in the industry to hold the members of an 
assembly together while the glue is setting. In practice, it was 
found that C-clamps, nails, and,screw presses were most com- 
monly employed for secondary gluing.* Such devices, once in use, 
do not allow for automatic readjustments to maintain the initial 
pressure, should this be dissipated to any extent. 

Fortunately, this phenomenon of diminishing initial glue 
pressures was fully realized at the start of this research. Some 
means had to be found therefore to apply a given pressure 
within the range of those employed in the industry and to keep 
it constant throughout the gluing process. Only by such a pro- 
cedure could comparative data of the efficacy of arbitrarily 


?“‘Uformite CB-551 Cold Bonding Studies,"’ Resinous Products 
and Chemical Company, Philadelphia, Pa., Bulletin No. 2, October, 
1942, p. 5. 

* Secondary gluing is a term used to designate gluing of small 
parts in assembly work to larger parts that have been preformed. 
Many of the present plywood materials of war are glued this way. 
The cold-setting type of resin is most widely used for this type of work. 
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chosen pressures in force over a given period of time be ob- 
tained. 

It was also necessary to set up certain other controls, in ad- 
dition to that of insuring a constant pressure. These pertained 
to glue and wood. 

The government specification AN-G-8 was followed very 
closely in setting up the experimental procedure. For example, 
sugar maple (Acer saccharum Marsh) was the wood used, since 
the maple shear block is an accepted method of testing the 
strength of glue joints in shear. 

There are other factors connected with wood such as the ‘‘cut’’ 
(flat or quartered sawed), and the method of surfacing. The 
latter will be discussed subsequently. 

The glue used was one of the many synthetic urea-formalde- 
hyde dry adhesives now on the market. This type of glue was 
selected since it is one that has been commonly used throughout 
the field for secondary gluing. It was mixed and used according 
to the manufacturer’s specifications. A small laboratory model 
of a roller-type glue spreader was used for spreading the test 
strips. It was adjusted to coat a film comparable to 24 g per 
sq ft of glue line (equivalent to 52.6 lb per 1000 sq ft). Double 
spreading was used throughout this research. 

Other factors that were considered to be of importance as 
controls were the temperature of the glue room, the conditions 
of the storage room used for the conditioning of the final glued 
test blocks, the open assembly time, closed assembly time, and 
the length of pressing. The temperature of the glue room ranged 
between 75 to 85 F. No equipment was available for controlling 
the relative humidity, except in the conditioning room used for 
storing the pieces after pressing. Here the relative humidity 
was kept at 50 per cent and the temperature at 75 F. 


MATERIALS AND EQuIPMENT USED IN INVESTIGATION 


Materials. The glue, as stated previously, was of the urea- 
formaldehyde cold-setting type, from one source. 

The wood, sugar maple, grade No. 1 common, was obtained 
from a local lumberyard and was kiln-dried stock that had been 
After purchase, the lumber was 


stored for some time in a shed. 
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stored in the laboratory for a period of i month before use. 
Throughout the experiment, moisture-content determinations 
were made and at no time did these vary more than 1 per cent 
from an average of 10 per cent. 

Equipment. The equipment consisted of the following: 

(a) Constant-pressure ma- 
chine, shown in Figs. 1 and 2. 

(b) Glue spreader of the 
roller type, similar to that used 
in industry. 

(c) Woodworking machines 
which are commonly used in 
industry such as a_jointer, 
sander, planer, and circular 
saw. 

(d) Riehle testing machine 
with a standard shearing tool. 
The rate of the load application 
was 0.013 ipm. The pressure 
was registered on the calibrated 
beam. Constant poise was 
maintained by special attach- 
ments added by the author. 


METHODS OF PREPARING 
SuRFACES 


Planed. For this type of sur- 
face it was only necessary to 


a Pressure head d Coupling , plane the faces in a planer and 
b Poise weight e ront fulcrum suppor 
c Goonterbalanes e’ Rear fulcrum support then pass the surface to be 


Fic. 1 MACHINE 


(Made entirely from scrap metal.) 


glued over the jointing machine 
which was set for a thin cut. 
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This tended to produce a smoother surface than the planer. 

Sanded. In preparing this type, the pieces were treated as 
follows: Boards were planed and then sanded at 0.5 psi pressure. 
Care was taken to obtain a flat and even surface. The test strips 
were then cut to size for gluing. 

Sawed. This type of surface was prepared by ripsawing the 
face of a planed test strip so as to produce a sawed-surface effect. 

Burnished. This surface was produced by passing the wood 
over a very dull planer at a slow speed. The effect achieved is 
that which occurs when a board sticks in a planer and the planer 
knives beat at one place until the wood is charred. 

Combed or Tooth-Planed. This type of surface was secured by 
planing the wood with a hacksaw blade in place of the normal 
planer blade. The wood was deeply furrowed. 


Tue Main INVESTIGATION—EFFECT OF VARIATION OF PRESSURE 
AND SURFACE ON SHEAR STRENGTH OF GLUE JOINTS 


Objectives Sought. The purpose of this study was to determine 
the pressures and the types of surfaces that would result in the 
strongest glue joints. To be sure many investigations have been 
made on the effect of pressure alone upon the shear strength of 
such joints.‘ In others the surfaces were varied,’ but the pres- 
sures were kept constant for each series of tests. Both of these 
objectives were sought in this research. Seven constant pres- 
sures, namely, 5, 25, 50, 100, 150, 200, and 250 psi, and five types 
of surfaces were used. 

Procedure. The test strips were sawed from selected wood and 
surfaces were prepared in the manner described previously. 
When one half of the working life of the glue had elapsed, the 
strips were spread and immediately placed together. This meant 
that the open assembly time was about 30 sec. As soon as six 
‘‘sets’’ had been prepared, they were placed in the crib, with 
rubber cauls between each set. The side clamps of the crib 
were then tightened to prevent slippage. The pressure was ap- 
plied, after which the side clamps were loosened slightly to pre- 
vent the sides of the crib from absorbing any of the pressure. 
The closed assembly period ranged from 10 to 15 min. A 12-hr 
pressure was used and then the glued strips were placed in a con- 
stant 50 per cent relative humidity room for a 10-day conditioning 
period. At the end of this time, the glued strips were band-sawed 
to approximately 2 in. width, then planed to the exact width, 
Fig. 3, and the end piece cut off in squaring. The side strips 
were saved for further studies of the glue joint. The test strip 
was then sawed into test blocks. This method warranted the 
assumption that the two ends were parallel and that the area of 
the contact face of the glue joint was 3 sq in. 

The shear tests were made according to AN-G-8 specifications. 

4 Uformite CB-551 Cold Bonding Studies,’’ Resinous Products 
and Chemical Company, Philadelphia, Pa., Bulletin No. 2, October, 
1942, pp. 5-6. 

5 ‘*Preliminary Experiments to Improve the Gluing Characteristics 


of Refractory Plywood Surfaces by Sanding,” by F. H. Kaufert, 
Forest Products Laboratory, Bulletin No. 1351. 
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Discussion of Shear-Test Data. It is difficult to arrive at any 
conclusions by simply scanning the shear values and the average 
shear values. In order to interpret the data so as to give some 
weight to the factor of ‘‘per cent fiber pull,’”’ the average shear 
values must be computed in terms of per cent fiber pull. The 
averages for the pieces between 50-0 per cent wood failure were 
used to plot graphs showing the effect of pressure of the shear 
strengths of the glued joints. These average values and the 
averages of all the tests are given in Table 1. 


TABLE 1 AVERAGE SHEAR STRENGTHS OF GLUE JOINTS FOR 
Weed VARIOUS SURFACES 
00! 


failure, 
per cent 


Gluing pressures, psi 
50 100 150. 


Surfaces 
Planed 


Sanded 
Sawed 
Burnished 
Combed 


200 250 


A composite graph, Fig. 4, was plotted, containing the curves 
of all the shear data for the various surfaces. These curves were 
quite irregular and were not especially illuminating. The data 
were again studied as a problem in correlation. New curves were 
then plotted on this basis, as shown in Fig. 5, the composite 
statistically treated graph. These new curves were straight and 
were understandable. 

The composite statistically treated graph, Fig. 5, warrants 
the following deductions: Planed surfaces result in the strongest 
joints, followed by sanded, sawed, burnished, and combed, in the 
order listed. The coefficient of correlation (which can be deter- 
mined from the graph by the rate of increase in shear value in 
proportion to increase in gluing pressure) was the greatest for 
sanded surfaces. This, the author believes, was due to the 
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3600 T | ) applying higher pressures is not justified. In contrast, sanded 
surfaces can be brought closer together by pressure, with a 
| resultant proportionate increase in the strength of the glue bond 
3600 ; as the thickness of the glue film becomes thinner. 
| The same theory may likewise be applied to sawed surfaces. 
| On these there are many fibers that have been cut diagonally to 
3400 } i their longitudinal axis, thereby weakening them as anchors for 
| | call glue. The coefficient of correlation is very low in this case, owing 
~ | | to the poor surface contact of the glued pieces. This can readily 
a seo be seen in Fig. 7C which illustrates a sawed type of glue joint. In 
| | this instance, too, high pressures are not capable of forcing the 
ES | Sanoto two surfaces sufficiently close together to result in joints as strong 
| = awn as those when the surfaces are planed. 
: at BURNISHED Combed or tooth-planed surfaces may be considered as a cross 
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| Pome ane vase The reason for the higher value of the coefficient of correlation in 
u — these instances was probably due to the presence of planed por- 
‘ | tions which came into juxtaposition along the glue line. This 
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¥ oe | brought closer together with increasing pressure. 
¢ Burnished surfaces produced joints of uniformly low strength, 
with no tendency to increase with the higher pressures. This 
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nature of the surface and its relation to the i ; } 


phenomenon of adhesion. 
Referring to Fig. 6, note should be made of the i 

fact that the sanded surface appears splintered — 

and that certain portions of the wood have been | ¢ 


- 


carried away by the grit, leaving more or less 

uniform striae. By contrast, in Fig. 6, the planed { 

surface shows almost a complete absence of such | 


striae. It is fairly easy to understand why a 
joint with faces surfaced by sanding will increase 
more in strength with increasing glue pressures 
than one with planed surfaces, when the nature 
of adhesion is considered. 

Adhesion is due to attractive forces set up 
between unlike molecules. If two surfaces of 
wood could be forced together so that an infini- 
tesimal distance remained between them the pieces 
would cohere, according to the conception of physi- 
cists. These conditions, in the case of wood, only 
exist in theory. The use of glue between two such 
surfaces, however, could permit of molecular link- 
age by adhesion, sufficient to hold the pieces 
together. 

It is a well-known fact that the thinner the 
glue line, the stronger the bond.? Therefore, if 
the two surfaces that are being glued can be 
brought into closer proximity by pressure, a strong 
bond will result. This condition holds when the 
surfaces are planed. Granted, that a planed sur- 
face does have some irregularities due to the hit- 
ting of the planer blades (this is noticeable in Fig. ’ 
6/')—still these irregularities are not so deep as ail 
those in sanded wood. Consequently, anincrease 4 Burnished Combed (tooth planed) 
in the gluing pressure will not diminish the dis- ~ 22K 12x 
tance between planed wood surfaces to any ap- i 
preciable degree, and the expense involved in Fig.6 Vrews or Various SuRFACES 
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Fie. 9 PsoromicroGcrapss or Rania Sections or Test Pieces GLuep aT VARIOUS PRESSURES AND WITH VARIOUS SURFACES; X30 


(Note where the glue has streamed into the vessels as indicated by the arrow. Also note that in all four photomicrographs air bubbles 
are visible in the glue seams.) 


was probably due (1) to the deposit of slightly charred wood on 
the surface which prevented the glue from adhering to the sound 
wood, and (2) to the nature of the even surface. The evenness 
approached that of planed surfaces. 


EXAMINATION OF GLUE JoInTs AT MAGNIFICATION 


These studies were initiated to determine whether pressure 
had any effect on glue penetration; to determine, if possible, 
the nature of adhesion between the glue and wood. The micro- 
technique involved in making mounts for such an examination 
presented some difficulties but these were surmounted. 

A small block,'/; in. sq, was cut from the center of each of the 
end pieces reserved for this study at high magnification (see 
Fig. 3, and accompanying text). A sample was studied from 
each surface type and each pressure differential. 

The blocks were softened by a water and acetone treatment 
and were then placed in a 12 per cent solution consisting of cel- 
lulose acetate butyrate dissolved in acetone for several days. 
Sections 15 to 20 microns in thickness were cut from these blocks 
with a sliding microtome. ‘These were stained with Haidenhain’s 
haematoxylin, followed by aqueous soluble safranin and mounted 
on slides with diaphane. Photomicrographs were taken and are 
presented in Figs. 7, 8, and 9. 

Study of the sections and photomicrographs can lead to but 
one conclusion in so far as hard maple is concerned, namely, that 
pressure had little effect on glue penetration. Little penetra- 
tion occurred other than into those vessels, fibers, and ray cells 
that opened immediately to the glue-spread surface. Glue 


of the type used in this investigation does not pass through cell 
walls because of the size of semipolymerized glue molecules which 
are larger than the spaces between cellulose molecules. Fig. 8, 
which is a photomicrograph of the glue bond between wood, 
clearly shows the actual relationship that exists. The glue. 
would have considerable difficulty in passing directly through 
the cell wall from one fiber cavity to another except by osmosis 
or absorption and this is not likely since the molecules of glue 
are macromolecular in size. Consequently, penetration can only 
take place through openings that result when the walls of such 
cells are cut or broken. Fig. 9D illustrates glue penetration 
where the cell cavities were exposed to the glue-spread surface. 
This is the only penetration that occurs other than into the mi- 
nute porous irregularities of the wood surface which are opened 
on the surface by the various methods of machining. 


ADHESION THEORY 


In 1925, the Adhesive Research Committee of the Department 
of Scientific and Industrial Research, London, England, under- 
took an investigation into the nature of adhesion. As a result 
of its work several contributors*® have classified joints as (1) spe- 
cific and (2) mechanical. The specific joint is that type which 
results when smooth surfaces such as those of metals, are joined; 
the mechanical type, in contrast, is produced when glue, through 
pressure, is squeezed into the depressions and minute cavities of a 
surface and forms projections and tentacles as it hardens. By 


* “Adhesives and Adhesive Action,’’ by J. W. McBain and D. G. 
Hopkins, Journal of Physical Chemistry, vol. 29, 1925, p. 199. 
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this reasoning, it would appear that, in their opinion, the strength 
of a glue wood joint was due to the resistance by which such 
projections oppose the action of a shearing force. On the other 
hand, the smooth metal surface offered no such resistance and 
such opposition to shear must be considered to be due to specific 
attraction between the metal or wood molecules and those of glue. 

Since the results obtained in this investigation coincide with 
those of previous investigators,’ the author agrees that (1) the 
thicker the seam the weaker the bond, and (2) if glue is not 
present in sufficient amount to fill the spaces between two sur- 
faces, the joint is weak. He also wishes to state that the more 
irregular the glue film the weaker the bond. 

The conditions as recorded should be kept in mind when the 
photomicrographs of the five types of glue seams discussed pre- 
viously are subjected to re-examination. The discussion that fol- 
lows pertains chiefly to the relationships that exist between the 
glue and surfaces of varying roughness. 

Fig. 7A indicates that, when planed surfaces are glued, the 
adhesive forms a film of uniform thickness. 

Fig. 7B illustrates a sanded surface and the manner in which 
the glue is distributed throughout the striae left by the sanding 
operation. It is obvious that enough of the adhesive is present 
to fill all the cracks and crevices. The nature of the failure be- 
tween the glue and wood indicates that such a striated surface 
does not permit of the formation of as even a film and hence 
of as strong a bond as is true for planed surfaces. The sawed 
type shows this to an even greater degree, Fig. 7C. 

Fig. 7D reveals that, although the glue film between the burn- 
ished surfaces is uniform, a desirable feature, the presence of 
charred wood on the surface results in poor adhesion. This is 
the reason that, in this series of illustrations, the glue film is 
shown separated from the wood. 

The illustration of a combed or tooth-planed joint exhibits a 
very irregular glue line and an area devoid of glue. 

The deductions made by the author, as a result of the critical 
examination of these photomicrographs, and others not pre- 
sented, led him to a further investigation of the effect of glue- 
film thickness on the strength of a joint in shear. The side 
strips taken from the glued assemblies served as material for the 
following investigation: 

The thickness of the glue film was measured in each strip. 
The figure obtained was assumed to indicate accurately the 
thickness of the film in the corresponding shear block for which 
shear data were available. The curve, Fig. 10, demonstrates the 
relationship that exists between the thickness of a glue film and 
the shear strength of a joint. It should be noted that the 
strength diminishes rapidly to a point where the glue-film thick- 
ness approaches 80 microns (0.0032 in.), beyond which it is 
relatively stable. 

The explanation of this phenomenon, that a bond in a joint 
can be 200 to 1000 lb stronger than the glue itself, should be 
sought. Why the curve, as shown, changes abruptly several 
hundred pounds above the shear strength of the glue is intriguing; 
evidently it is the result of a factor as yet not understood. 

In the past, investigators have avoided the discussion of this 
phenomenon. The emphasis in their studies has been rather 
on the nature and importance of specific adhesion, respectively. 
Solution of the problem projected would undoubtedly entail a 
study of the molecular forces that are responsible for the adhesion 
that exists between glue and wood. It may be that glue mole- 
cules have a greater attraction for wood molecules than for kin- 
dred glue molecules. Yet, according to chemists, a synthetic resin 
such as urea formaldehyde is actually a lone molecule that has 
7 “Adhesives and Adhesion,” by J. W. McBain and W. B. Lee, 


Journal of Physical Chemistry, vol. 31, 1927, p. 1675. 
* Shear strength of glue was 2880 psi. See Fig. 10 at 2880 psi. 
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Fie. 10 SHEAR-STRENGTH AND FILM-THICKNESS 
RELATIONSHIP FOR PLANED SURFACES 


resulted from the polymerization of many smaller molecules. 
Reasoning thus, there is but one molecule of glue between the 
surfaces of a two-membered assembly and such a molecule is 
flanked on either side by innumerable wood molecules. It may 
be that the wood molecules are attracted by the outer bonds of 
the glue, which are free. Such free bonds are thought to exist 
because the number of urea and formaldehyde molecules which 
may enter into the formation of a lone molecule through poly- 
merization is indefinite. 

Further study of the nature of adhesion is imperative if the 
present procedures in bonding wood to wood, wood to metal, 
or any other combination of these are to be improved. It 
is hoped such investigations may be initiated in the near future. 


CONCLUSIONS 


1 Only minimum pressure would be necessary if optically 
smooth surfaces could be prepared for wood; just enough to 
squeeze the glue line down to a thin continuous layer. 

2 Relatively smooth surfaces (planed) result in the strongest 
glue joints. 

3 Splintery surfaces (sanded and sawed) provide poor anchor- 
age for glue and should be avoided. 

4 Weaker joints also result from splintery and irregular 
surfaces because they do not mesh well, hence the glue film is 
less even, and thicker. 

5 Burnished surfaces, although smooth, do not produce good 
joints because of charring. 

6 Cold-setting urea-formaldehyde glue does not penetrate 
into hard maple wood, except into those cells the cavities of 
which are open to the spread surface. 

7 “Specific adhesion” and ‘‘mechanical adhesion” are largely 
responsible for the adhesive strength between glue and wood. 
Another phenomenon as yet unexplained requires further research. 
Why does a thin glue film result in a joint of greater shear strength 
than the shear strength of the glue itself? 
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New Machines for Creep and 


Creep-Rupture Tests 


By M. J. MANJOINE,! EAST PITTSBURGH, PA. 


This paper describes two new creep-rupture machines. 
One combines eight conventional lever-arm creep ma- 
chines into a single unit but with individual furnaces, 
controls, and recording equipment. The elongatian of 
each test specimen is indicated by a revolution counter 
and can be read directly. The indicating counters for the 
eight specimens are brought to a single panel and photo- 
graphed periodically to obtain a continuous record of the 
creep. The counters are driven by new extensometers 
which are attached to the test specimens. Two types of 
extensometers are used; one which gives readings over a 
3-in. gage length in hundred thousandths of an inch for 
measuring small strains up to 2 per cent total strain, and 
a second extensometer which records in ten-thousandths 
inch for strains up to rupture. The second is a screw- 
driven creep-rupture machine in which the specimen is 
loaded through a stiff spring. A continuous elongation- 
time curve up to rupture is automatically recorded with- 
out the need of an extensometer on the test specimen. 
The machine has a capacity of 10 tons and occupies a 
floor space of only 15 X 15 in. It can also be used to make 
short-time tensile, constant-strain-rate, and relaxation 
tests. The latter test requires the use of an extensometer 
on the gage length of the test specimen. To illustrate the 
satisfactory operation of these machines, the results of 
creep-to-rupture tests on a cast 25 Cr 12 Ni alloy are pre- 
sented. The data from these tests are summarized in 
“design curves’? which serve to describe the behavior of a 
material at a given temperature. 


INTRODUCTION 


ment of alloys for high-temperature service, bringing about 

the need for new testing equipment. While the most uni- 
versally accepted method for testing high-temperature alloys is 
the long-time creep test, short-time tensile tests (1)? are also 
widely used. More recently the constant strain-rate (2, 3) and 
the relaxation tests (4, 5) have been used to advantage as a rapid 
means of testing and comparing alloys. Some investigators 
(6, 7) have suggested that the service life of a high-temperature 
alloy be based upon a certain amount of deformation without 
rupture rather than on a given total deformation alone, such as 
1 per cent in 10,000 hr, or on an allowable creep rate. These 
investigators have used the sustained-load rupture test to test 
and compare alloys. 


iz recent years great progress has been made in the develop- 
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The machines described in this paper were designed at the 
Westinghouse Research Laboratories to test alloys developed for 
high-temperature furnaces and other applications. Since the 
allowable strains may be rather large, the creep-to-rupture test 
was selected as the most suitable means of evaluating the alloys 
used in furnace constructions. 


CreEp-RUPTURE MACHINES 


In a creep-rupture test, a specimen is held at a constant load 
and temperature and allowed to elongate until rupture occurs. 
At high loads rupture may occur in a few hours while at a some- 
what lower load the rupture time may extend to a few thousand 
hours. Since the time to rupture may vary over this wide range, 
two types of testing machines were designed, one for the long tests 
and the other for the shorter tests. The testing machine for the 
longer tests will be referred to as the lever-arm creep machine 
while the other will be called the screw-driven creep-rupture 
machine. 

Lever-Arm Creep Machine. In the lever-arm creep machine, 
shown in Figs. 1 and 2, the specimen is loaded through a lever arm 
with weights. The specimen is attached by means of threaded 
heads to extension pieces which project out of each end of the 
furnace. The lower extension piece is anchored to the frame with 
a spherical seat and the upper extension piece is attached to the 
horizontal lever arm. Load is applied to the specimen by placing 
weights on the hanger at the end of a lever arm having the ratio 
20 to 1. The maximum load which can be put on the hanger is 
600 Ib, giving a stress of 60,000 psif or a standard 0.505-in-diam 
specimen. Four separate specimens are mounted in a common 
frame. 

Each specimen has a separate electric furnace and power supply. 
The temperature of the furnace is controlled by an expansion rod 
located near the furnace winding. The difference in expansion of 
the rod in the furnace and an invar rod located outside the furnace 
wall is magnified by a 10-to-1 lever arm and used to operate an 
electric contact which controls the current in the furnace wind- 
ing. An electronic control, Fig. 3, is used so that no contact pres- 
sure is necessary at the contacts. The average temperature can 
be held to within +2 deg F. 

The standard creep specimen is shown in Fig. 4. The coupon 
on the end of the specimen is used for metallurgical studies. This 
coupon is cut into two parts. One part is retained as a sample of 
the material ‘‘as received.” The other part is placed in the furnace 
with the specimen from which it was cut and undergoes the same 
temperature cycle; it is then studied to determine the effect of 
the temperature cycle on the material without stress. After the 
test a micrograph of a section of the specimen and the specimen 
itself are studied to determine the effect of stress, time, and ex- 
posure to temperature. 

In designing this machine two types of tests were anticipated: 
(a) the creep test under a large constant load in which the speci- 
men would be strained to rupture, and (b) the creep test under a 
comparatively small constant load in which the specimen would 
elongate less than 2 per cent total strain. To satisfy the require- 


| 
02 
|_| 


Fig. 2 Lrever-ArmM CREEP MACHINE 


ments of each type of test, two kinds of extensometers were built, 
a ‘‘creep-rupture’’ extensometer and a “‘sensitive” extensometer. 

The creep-rupture extensometer is shown at the left in Fig. 5, 
and at the right in Fig. 6. The extension is measured from the 
heads of the specimen because the gage length undergoes con- 
siderable reduction of area when the test is carried to rupture, and 


therefore an extensometer cannot be clamped to the gage length. ° 


Since there may be some plastic flow at the fillet, the extension 
measured at the heads must be corrected to give the actual strain. 
This correction is found by putting an extensometer on the gage 
length and on the heads to find the ‘‘effective gage length’’ of the 
specimen. The effective gage length is the ratio of the deforma- 
tion measured at the heads to the strain in the gage length. The 
extensometer is attached to the heads of the specimen by pins 
(see Figs. 5 and 6). Holes are drilled through the heads of the 
specimens for these pins which are about 0.1 in. diam. The 
comparison rods extend from the pin clamps out of the furnace 
and terminate in steel plates. The two plates are kept in the 
same relative sidewise position by a set of flat springs, as shown 
in Fig. 6. The comparison rods are made of a high-temperature 
alloy which has good dimensional stability at the temperature 
used. The movement caused by bending of the specimen or non- 
axial loading is taken up by the two pins and the reduced sections 
of the rods which are at right angles to the pins. 
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As the specimen elongates, the heads and plates separate an 
equal amount. The creep is therefore found by measuring the 
relative displacement of these plates with a motor-driven microme- 
ter. To indicate the amount of extension or creep, a revolution 
counter is coupled to the micrometer-screw drive through a 
flexible shaft. To make the recording continuous, one electrical 
contact from the control is mounted on the upper plate and the 
other contact to the micrometer screw which is held in the lower 
plate. When no elongation takes place, the contacts are closed 
and the motor which drives the micrometer is stopped. As the 
specimen elongates, the contacts separate; this causes the motor 
to start and drive the micrometer until the contacts are closed. 
In this manner the micrometer follows up the creep of the speci- 
men. The electronic control is shown in Fig. 3. Because of this 
control no pressure is necessary on the contacts. The micrometer 
screw is driven through a special gear drive, as shown in Figs. 5 
and 6. The counter coupled to the gear drive reads in ten- 
thousandths of an inch. For the 3-in. gage length of the standard 
specimen (Fig. 4), this gives a least count for the extensometer of 
3.3 X 1075 in. per in. 

The sensitive extensometer is shown on the right in Fig. 5 and 
on the left in Fig. 6. Since the strains are less than 2 per cent, 
this extensometer can be clamped to the gage length, Fig. 6. The 
pins are replaced by short wires from the clamps to the plates 
which carry the rods. In this extensometer the movement of the 
plates which hold the comparison rods is magnified by a 10-to-1 
lever arm. This magnification is accomplished through a double 
cross-spring pivot which serves both to magnify the motion and 
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to maintain the alignment of the plates. This pivot is very rugged 
and allows considerable mishandling without changing the cali- 
bration of the lever arm. However, because of the limited travel 
of the lever arm, this extensometer cannot be used for specimens 
which rupture. The electrical contacts are now placed on the 
lever arm and on the micrometer screw which is fastened to an 
extension of the lower plate. Either a motor-driven, Fig. 5, or a 
hand-driven micrometer, Fig. 6, can be used. When the motor- 
driven micrometer is used, the recording counter reads in hun- 
dred-thousandths of an inch or 3.3 X 10~® in. per in. for a 3-in. 
gage length. The same least count can be obtained when the 
hand micrometer is used. 

Eight of the lever-arm creep machines are assembled into a 
single unit. Illustrations of two of these units are shown in Figs. 1 
and 2. Each specimen has its own furnace, recording, and con- 
trol equipment. The electronic controls for the strain and 
temperature regulation are housed in the cabinets on the lower 
shelf of the machines. The eight counters which indicate the 
creep for the extensometer are brought to a single panel at the 
middle of the two machines. Another counter on the panel 
indicates the time. The camera at the middle of the unit is a 
motion-picture camera which takes a single-shot exposure of the 
counters every 4 hr. This camera film gives a continuous record 
of the creep of each specimen with time. 

Above the camera is a thermocouple switch into which three 
thermocouples from each specimen can be plugged. The tem- 
peratures are read on a potentiometer by stepping from one 
thermocouple to the next. The stepping is done by remote con- 
trol at the potentiometer. One thermocouple from each speci- 
men is brought directly to the eight-point recorder shown at the 
extreme left in Fig. 2, for a permanent continuous record. The 
panel to the right of the temperature recorder contains a separate 
variable power supply for each furnace. The pilot lights at the 
top of the panel indicate if the furnace is heating. 

Since some of the specimens elongate until rupture occurs, a 
contact is placed on a support beneath the weights of each ma- 
chine so that the extensometer is shut off when the specimen 
breaks and allows the weights to fall on the support. As a check 
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on each test, daily readings are also taken of the counters and the 
thermocouples. 

Screw-Driven Creep-Rupture Machine. In the shorter creep- 
rupture tests, the specimens elongate to rupture in a few hours. 
In these tests, the loads and strains are much larger than those of 
the creep tests. Since the tests are so short, readings of the 
elongation niust be made every few minutes. To avoid these 
many readings, a machine was developed which automatically 
records the elongation of the specimen against time from start of 
test until rupture occurs. Since the strain is much larger in this 
short test, a less sensitive measurement can be used. 

The machine is shown in Fig. 7 and consists of a stiff spring A 
in series with the test specimen B, which is loaded by a screw- 
driven jack C. The load is maintained by keeping a constant 
deflection of the spring A. The deflection of the spring is meas- 
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ured by a dial gage to which an electrical contact has been added. 
This electrical contact controls the motor which drives the jack 
to keep the load constant. The deformation of the test specimen is 
measured from the relative motion of the upper head of the 
machine and the stationary frame, that is, through the rise of the 
jack. This motion is magnified through a gear train and drives 
the pen of the recorder D vertically. A time clock E drives the 
pen horizontally. The recorder therefore plots a continuous 
elongation-time curve. The accuracy of this measurement of 
elongation depends upon the following conditions. 

Since the load and temperature are held constant, the thermal 
and elastic deflections of the entire system are fixed. Therefore, 
the relative motions of the heads of the machine (the movement 
of the jack) are caused by the plastic’flow of theparts of the system 


which consist primarily of the extension pieces and the specimen. 
The cross-sectional area of the extension pieces in the hot zone of 
the furnace is over 4 times that of the gage length. 

An inspection of the stress versus creep-rate curve, Fig. 
12, will show that the creep rate in the extension pieces will be 
less than 0.01 per cent of that in the gage length. There are, 
however, parts of the specimen in which the stress is nearly as 
large as that in the gage length; these parts are the threads, 
heads, and fillets. The average stress in the minimum cross 
section in the threads is two thirds that of the gage length, and 
the stress at the heads is one half. The relative creep rates 
are, respectively, 2 per cent and 0.3 per cent that of the gage 
length (see Fig. 12). Because of the length of these parts, the 
relative plastic flow is much smaller. The largest plastic flow 
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outside the gage length takes place in the fillets. This flow, how- 
ever, is nearly counterbalanced by the reinforcing effect of the 
heads. In order to compensate for the plastic flow outside the 
gage length, an ‘‘effective gage length’? must be determined for 
each shape of specimen. This effective gage length is found by 
comparing the relative motion of the heads of the machine with 
the strain of the gage length, as follows: 


Relative movement of machine heads 


aa + Elongation of gage length per inch 

The relative movement of the machine heads is the movement 
of the jack and is measured by the recorder. The elongation of 
the gage length is found by clamping an extensometer to the gage 
length. It has been found that the effective gage length depends 
primarily upon the shape of the test specimen and varies only 
slightly from alloy to alloy. Thus knowing the effective gage 
length of the test specimen, the strain of the gage length can be 
measured by the recorder without an extensometer on the gage 
length, and a continuous record of strain can be plotted against 
time. At the instant of rupture of the specimen, the machine is 
shut off by a control circuit which passes through the test speci- 
men. In this manner the strain at rupture is more accurately de- 
termined than can be measured by matching the broken halves of 
the specimen. 

The machine occupies a floor space of only 15 X 15 in. but has 
a capacity of 10 tons which gives a stress of 100,000 psi for the 
standard 0.505-in-diam specimen. 

To measure small loads as well as large loads, a special two- 
range spring is used which consists of two parallel beams cut from 
a single block of steel (see A, Fig. 7). When the lower beam is 
loaded, it deflects toward the second beam. At a load of about 
4000 Ib, it reaches the second beam, and then both beams carry 
the higher loads up to 20,000 lb. The flexibilities of the two 
beams are such that the dial gage makes a full revolution for each 
range. 

The advantage of this machine lies in the fact that no extensome- 
ter is necessary on the specimen for creep-rupture tests, so that 
the only parts protruding from the furnace are the thermo- 
couples and the extension pieces. No weights are necessary, and 
the rate of initial loading can be controlled. 

A group of six of these machines is shown in Fig. 8. The 
temperature controllers are shown in the stand at the extreme 
left. Commercial controllers are used to short a resistance in 
series with the furnace. These controllers keep the temperature 
within +5 deg F. The dial of a stepping relay is shown at the 
bottom of the stand. Three thermocouples from each machine 
are brought to this relay, and individual readings can be made on 
& potentiometer. A six-point recofder is used to keep a continu- 
ous record of the temperature of each furnace. This recorder is 
placed at the top of the stand but was not installed at the time 
this view was photographed. 

The recorded curves obtained from these machines have been 
very satisfactory. Two typical original curves plotted by one of 
these machines are shown in Fig. 9. The upper one presents a 
creep-rupture curve of a very ductile alloy. This alloy shows no 
first-stage creep. The transition point® is indicated. The ripple 
in the curve is caused by the screw which drives the pen and not 
by fluctuations of temperature or load. This ripple has been 
eliminated by straightening the drive screw. Minimum creep 
rates as low as 10-5 per hr and as high as 0.1 per hr have been re- 
corded. Normally stresses are used which give rupture lives 
greater than 10 hours and less than 400 hrs. The lower curve 
shows a creep-rupture curve of a less ductile alloy. This curve 


* Defined as that point in the third stage of creep at which the 
creep rate has increased 10 per cent over the minimum rate. 
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has all three stages of creep. The first stage, or period of dimin- 
ishing creep rate, is very short and is followed by a second stage 
where the rate is substantially constant. In the third stage, the 
rate increases until fracture occurs. The transition point is in- 
dicated at the start of the third stage. 

* Because of its simplicity and ease of operation, this machine 
has been used to compare alloys, to check the effect of heat-treat- 
ments, and to obtain creep-rupture data in the stress range 
which gives rupture lives from 1 to 300 hr. 

Although the machine was designed for creep-rupture tests, 
other applications have been made. The machine can readily 
be used for constant-strain-rate or short-time tensile tests and 
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for relaxation tests. For constant-strain-rate and short-time ten- 
sile tests, the machine is run at a constant head speed and 
periodical readings are made of the load and strain. In a re- 
laxation test, the extensometer, shown at the left in Fig. 6, is 
clamped to the gage length of the test specimen and the specimen 
is loaded. The total strain is then kept constant by setting the 
extensometer and using the control to regulate the load so that 
the extensometer contacts are kept in a fixed position. When 
plastic strain occurs in the specimen, the load must be lowered to 
decrease the elastic strain, thus keeping the total strain con- 
stant. The recorder in this type of test plots the decay of the 
load with time. 


Trst RESULTS 


To demonstrate the types of tests made on the two machines 
described, a high-temperature alloy was chosen. Tests were made 
in which the time to rupture varied over a wide range. The alloy 
selected is a cast 25 Cr 12 Ni iron-base alloy. This alloy is used 
for high-temperature parts in electric furnaces. Since such parts 
as baffles and trays are serviceable even after considerable plastic 
flow, the rupture life becomes an important limitation on the 
service life. The creep curves for the lower stresses are given 
in Figs. 10 and 11, for tests at 1200 and 1500 F, respectively. 

For purposes of direct comparison among alloys, the stresses 
used in the creep-rupture tests are taken from the 10 series of pre- 
ferred numbers. The minimum rate of the creep-time curve is 
used as a comparison between alloys and also as a means of pre- 
dicting the deformation at very low stresses. Stress is plotted as 
a function of minimum creep rate u and is shown in Fig. 12. 

A second method of representing the family of creep-rupture 
curves on a particular alloy at a given temperature is given by 
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the ‘‘design curves” (Figs. 13 and 14). In the ‘‘design curves” 
stress is plotted against the logarithm of time for several points of 
the creep-time curve. The following points are used: (a) 0.2 
per cent, 0.5 per cent, and 1 per cent total strains; (b) the “‘transi- 
tion point;’”’ and (c) the rupture point. On this latter curve the 
total strain is shown adjacent to the test point. 

The transition point is a measure of the useful life of an alloy 
and is defined as that point of the creep-time curve, in the third 
stage of creep, at which the creep rate has increased by a given 
percentage greater than the minimum rate. The allowable per- 
centage increase depends upon the application. 

In these curves the transition point represents the point at 
which the rate has increased 10 per cent over the minimum rate. 
An example of this point is shown in Fig. 10. From the design 
curves, the engineer can readily choose the stress for a given serv- 
ice life. 

Since the curve for the transition point is practically parallel 
to the rupture curve, the long-time tests can be stopped when the 
transition point is reached and many hours of testing time can be 
saved. 


CONCLUSIONS 


Two new creep-rupture machines have been described. One, a 
lever-arm creep machine, combines the compactness of a multiple 
unit with the flexibility of an individual one. Each of the eight 
specimens of the machine is equipped with an extensometer which 
gives a direct reading of the extension on a counter. A continu- 
ous record of the elongation of all the specimens is made by 
photographing these counters periodically. Two types of ex- 
tensometers are used; one which gives readings in hundred- 
thousandths of an inch for measuring small strains up to 2 per 
cent, and a second which records in ten-thousandths of an inch 
for strains up to rupture. 

The other machine is a radically different type of creep-rup- 
ture machine which loads the specimen through a stiff spring and 
records a continuous creep-to-rupture curve without the use of an 
extensometer on the specimen. Occupying a space of only 15 x 
15 in., this machine has a capacity of 10 tons. It can also be used 
for making short-time tensile tests, constant-strain-rate tests, 
and relaxation tests. 
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Some Thermal Effects in Oil-Ring 


Journal Bearings 


By R. A. BAUDRY,' EAST PITTSBURGH, PA. 


This paper discusses the design of oil-ring journal bear- 
ings from the thermal standpoint and gives a method for 
predetermining the operating temperature of air-cooled 
and water-cooled bearings. It is shown that at high tem- 
peratures the performance of a ring-lubricated bearing 
has a tendency to become unstable. The design features 
of a high-speed water-cooled and a forced-ventilated bear- 
ing are given. 


NOMENCLATURE 


The following nomenclature is used in the paper: 

area, sq in. 

axial length of bearing surface, in. 

journal-bearing diameter, in. 

coefficient of friction 

= minimum oil-film thickness, in. 

coefficient of heat transfer, watts per sq in. per deg C 
developed length of bearing surface, in. 

length of heat path, in. 

= revolutions per minute 

= unit bearing pressure on projected area, psi 

= quantity of cooling liquid, gpm 

= peripheral velocity of journal, ips 

= leakage factor 

= temperature, deg C 

side leakage, cu in. per sec 

viscosity, Saybolt Universa! 

oil viscosity, centipoises 

radial clearance, in. 

specific thermal resistance, deg C per in. per watt 


Ge 


INTRODUCTION 


Because of its simplicity and reliability, the oil-ring journal 
bearing is used on most of the rotating electrical equipment 
built today, and much effort is spent to improve its performance 
and extend its range of application. 

The satisfactory performance of this type bearing is usually 
judged by its ability to dissipate the heat generated by the inter- 
nal friction of the lubricant. 


OpEeRATING TEMPERATURE 


The predetermination of the operating temperature of the 
bearing involves two distinct problems: 

1 Calculation of the friction losses. 

2 Calculation of the thermal resistance to the flow of heat 
from the oil film to the cooling medium. 

For many years numerous tests on various types of bearings 
have been conducted in research laboratories (1, 2).2. These tests, 


1 Mechanical Engineer, Westinghouse Electric & Manufacturing 
Company. Mem. A.S.M.E. 

? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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with the help of theoretical work (3, 4, 5, 7, 9), published in recent 
years, make it possible to predetermine with a reasonable ac- 
curacy the performance of journal bearings. 

The coefficient of friction of a bearing is usually given as a 
function of the characteristic number ZN /P, as shown in Fig. 1, 
which is discussed in Appendix 1. 


ane | a 
t 
\ | Fecooas/ZN | | 
' | | | 
z | = 
| 
+ .002) COEFFICIENT OF FRICTION OF JOURNAL BEARINGS |_| 
[ | © TESTS ON LOWER HALF OF 612 BEARING | 
+ TESTSON 30 «60 BEARING 
001 
| | | | | | | | | 
] | 
200 300 
CHARACTERISTIC NUMBER a 


Fig. 1 Coerricigent oF Friction or 90-DeGc CENTRAL PARTIAL 


BEARING; 0.0015 a = 2 


(Dotted line represents estimated friction near and below ZN/P critical fora 
6 X 12 bearing.) 


A convenient way of analyzing the performance of a bearing 
is to plot the friction loss for a given load and speed as a func- 
tion of the oil-film temperature, as shown in Fig. 2, for oils having 
viscosities of 150, 200, and 300 S.U.V. at 100 F, respectively. 
The friction losses decrease with rising temperature until condi- 
tions corresponding to the critical value of ZN/P are reached, 
then they increase rapidly as shown in dotted lines in Fig. 2. 

The heat dissipated from the bearing can also be plotted as a 
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straight-line function of the bearing-surface temperature inter- 
secting the temperature axis at the temperature of the cooling 
medium, which in this case is air. The slope of this line is 
determined by the thermal resistance to the flow of heat through 
the bearing as discussed in Appendix 2. The intersection of the 
curves, representing the friction losses and heat dissipation, 
indicates the operating temperature of the oil film and gives the 
friction losses for the specified condition. 

Critical Operating Temperature. It is seen that with the light 
oil, when the temperature of the cooling air attains 34 C, the 
critical ZN/P for this particular bearing is reached, and at 
higher temperature it will operate under condition of boundary 
lubrication. When the temperature of the cooling air reaches 
45 C, the two lines do not intersect any more, and the friction 
losses increase faster than they can be dissipated from the bear- 
ing. There exists therefore an unstable condition which will 
cause seizure of the bearing. At this temperature only the heavy 
oil will give a sufficient factor of safety for this bearing. Further- 
more, the increase in operating temperature with the heavy oil 
is relatively small. 


Critical Starting Temperature. Most bearings used with elec- 


trical machines remain under constant pressure during the start- ° 


ing period, and for a short time during that period they operate 
under condition of boundary lubrication. The journal becomes 
supported on a perfect oil film at a speed which makes the char- 
acteristic number ZN /P larger than its critical value. The speed 
corresponding to this critical value varies with the temperature 
and viscosity of the oil, as shown in Fig. 3, which has been 
plotted for a 6 X 12 bearing loaded to 150 psi, having a critical 
value of ZN /P equal to 50. 

At the beginning of the starting period, there will be an appre- 
ciable temperature rise of the bearing surface due to the high 
coefficient of friction corresponding to boundary lubrication, 
as shown in Fig. 3 by the line intersecting the temperature axis 
at the starting temperature. At low temperature this effect is 
very small but it becomes larger with increasing temperature 
until a point is reached at which a perfect oil film cannot be 
formed before normal speed is attained. This is shown in Fig. 3 
for a light oil and a starting temperature of 65 C. With this 
temperature the heavy oil will permit formation of a perfect oil 
film before the normal speed is reached. 

This critical condition indicates the necessity of starting a 
bearing under load at a conservative temperature and of select- 
ing an oil of sufficient viscosity to meet the starting conditions. 


O1L Supply 


The maintenance of a perfect oil film necessitates an adequate 
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supply of oil which under all operating conditions must be 
greater than the oil lost through side leakage (1, 10). 

The side leakage of the large water-cooled bearing, described 
later in this paper, has been plotted as a function of the bearing 
temperature in Fig. 4 according to the data given in Appendix 3. 
It shows a slight increase of the oil requirements with increasing 
temperature. 


8 


OIL DELIVERED BY FOUR SPECIAL OK RINGS 


CRITICAL SUPPLY 
BEARING SIDE LEAKAGE / 


Oo Bh 


| 
| 


20 30 40 50 60 70 60 20 wo 
TEMPERATURE - DEG C 


QUANTITY OF OIL- GALLONS PER MINUTE 
6 


o_ 


Fie. 4 Criticat Suppiy ror 20 X 40 Water-Coo.ep BEeariIna 
(N = 720; oil viscosity, 200 8.U.V. at 100 F.) 


The oil supplied by oil rings has been the subject of several 
investigations (1, 10), which show a rapid decrease in the quan- 
tity supplied with an increase in temperature of the oil. The oil 
delivery, which is also shown in Fig. 4, was obtained from tests 
on a full-size model described in a previous paper (11). It is seen 
that above a temperature of 85 C there is not a sufficient quan- 
tity of oil supplied to maintain a perfect oil film; this will result 
in a thinner oil film, higher friction losses, and higher bearing 
temperatures, which in turn will cause a further decrease in oil 
delivery and a rapid failure of the bearing. 

This critical operation of an oil-ring bearing at high tempera- 
ture makes it necessary to provide an ample supply of oil in 
order to place the critical point beyond the normal operating 
temperature. 


WaTER-CooLED BEARINGS 


An effective way to dissipate the friction losses from a bearing 
is to circulate water through ducts in the bearing shell. Many 
types of such bearings have been used, among which the most 
common is a cast-iron shell with water passages, or a conventional 
shell with a copper cooling tube embedded in the babbitt. 

The friction losses for a large water-cooled oil-ring bearing 
are given in Fig. 5, as a function of the average oil-film tempera- 
ture. For the speed at which this bearing operates, there is an 
appreciable difference in temperature between the oil film and the 
bearing shell which can be estimated as shown in Appendix 3 
and used to plot the temperature of the bearing surface as a 
function of the friction losses. As in Fig. 2, the heat dissipated 
from the bearing is proportional to the difference in tempera- 
ture between the bearing surface and the cooling water. This 
relationship can be represented by a straight line, the inter- 
section of which with the bearing-surface-temperature curve 
indicates the operating temperature, as shown in Fig. 5, for several 
metals. 

The use of a copper cooling lining results in a much lower oil- 
film temperature than is possible with other metals. In Fig. 6 
is shown a copper lining for the large water-cooled bearing shown 
in Fig. 7. It is made of rolled copper plate into which holes have 
been drilled for the water passages. This lining is fastened to a 
heavy steel shell by a number of bronze screws, and covered 
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with a thin layer of babbitt metal. The use of a copper lining 
reduces to a minimum the thermal stresses produced in the bear- 
ing. Tuicse stresses are of sufficient magnitude in certain cases Fic.10 Lower BeartnG SHELL FoR ForcED-VENTILATED O1t-RING 
to cause cracks in the babbitt when it is used in thick and un- JouRNAL BEARING 
even sections around the water passages. : 

This water-cooled bearing has been used very successfully on _ the friction losses make it possible to use copper pipes inserted 
several large hydrogen-cooled units and was designed to operate in a steel shell, which gives the same advantage of strength as a 
at approximately 4000 fpm peripheral speed. For lower speeds, copper shell, but at a lower cost. 
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Although water-cooling is a very effective way of cooling a 
bearing, water is not always available, and sometimes it becomes 
desirable to use an air-cooled bearing at higher speed than usual. 
In the conventional self-aligning oil-ring bearing, the largest 
resistances to the flow of heat from the oil film to the cooling air 
are at the joint between the bearing shell and the bearing hous- 
ing and at the outer surface of the bearing housing where heat is 
dissipated to the ambient air. In Fig. 8 is shown a fan-cooled 
motor where part of the air used to cool the machine is circulated 
around the bearing housing (Fig. 9), which is provided with fins, 
thus obtaining a large cooling area and a high heat-transfer rate. 
The self-aligning spherical bearing shell (Fig. 10) has a large con- 
tact surface with the bearing housing and heavy sections of 
metal in order to facilitate the heat flow. 

The thermal resistance of such a bearing can be calculated by a 
method similar to the one discussed in Appendix 2. The bearing 
shown in Figs. 8, 9, and 10 is 3 in. diam and operates continu- 
ously at 3600 rpm with a very low temperature rise. 


CoNCLUSION 


With the use of available data the oil-film temperature of an 
oil-ring bearing can be predetermined with reasonable accuracy. 

At high temperature, the performance of an oil-ring bearing 
becomes unstable. Depending upon the design and accuracy 
of manufacturing, there are several critical temperatures: 

1 One at operating speed above which a steady temperature 
can never be reached. 

2 One when starting, above which a perfect oil film cannot be 
formed before normal speed is reached. 

3 One above which the oil rings supply less oil than required 
to maintain a proper oil film. 

All the foregoing critical temperatures when reached will cause a 
continuous temperature rise of the bearing until failure results. 
An oil of higher viscosity increases slightly the temperature of the 
oil film but gives a larger margin between the operating and 
critical temperatures. 

By a judicious choice of materials and lubricants, it is possible 
to design an oil-ring journal bearing which will operate at high 
speed with a reasonable factor of safety. 


Appendix 1 


Friction Losses 


The coefficient of friction of a bearing is usually given as a 
function of the characteristic number ZN /P, and of other varia- 
bles, such as the bearing angle, the clearance ratio, and the 
ratio length to diameter. For bearings of similar design, the 
coefficient of friction can be given as a function of only ZN /P, as 
shown in Fig. 1 for a 90-deg central partial bearing having an 
axial length equal to twice the diameter, and a clearance ratio of 
0.0015. The lower curve in Fig. 1, obtained experimentally on a 
test rig consisting of two half shells of a bearing, gives values 
which agree with the hydrodynamic theory of lubrication. How- 
ever, tests on large machines give consistently higher values, 
which are accounted for by the losses in the nonactive parts of the 
bearing, machining variations, deformations due to load and tem- 
perature, etc. These latter values of the coefficient of friction 
are shown on the upper curve in Fig. 1 and have been used to 
calculate the losses in the bearings discussed in this paper. 

As found by tests (12) at low values of ZN /P, the coefficient of 
friction deviates from the value indicated by conditions of perfect 
lubrication, it decreases with ZN /P to a minimum value and then 
increases rapidly. This critical value of ZN /P is a function of the 
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design of the bearing shell and manufacturing conditions; it can 
be brought down to a very low value by a sturdier design which 
minimizes distortion, accurate machining or fitting and running- 
in, ete. 

A critical value of ZN /P of 50 has been found for the experi- 
mental bearing in Fig. 1. To this value of ZN/P corresponds a 
minimum oil-film thickness of 0.0009. Since for a given value of 
ZN/P, the minimum oil thickness increases proportionately to 
the diameter of the journal, the critical value of ZN/P decreases 
with an increase in size of the bearing, as has been found by experi- 
ence. 

For this reason, a given critical value of ZN/P can be used to 
determine the performance of a bearing only if it has been ob- 
tained experimentally on the same size of bearing and under 
similar operating conditions. 


Appendix 2 


DIssIPATION OF From BEARING 


In a self-cooled oil-ring bearing, the heat generated in the oil 
film is removed by conduction through the bearing shell and by 
the oil circulated by the oil rings, some of which passes 
through the oil film as end leakage. The heat then flows through 
different paths, by both conduction and convection to the outside 
surface of the housing and then to the ambient air. The differ- 
ent factors determining the rate of heat transfer between oil or 
air and metals have been found experimentally (1, 13) and can be 
used to determine the thermal resistance to the flow of heat from 
the oil film to the cooling medium. The flow of heat through a 
bearing and its housing can best be represented by using the 
electrical analogy (14) which is used very successfully to deter- 
mine the temperature of electric machines. 

The flow of heat in solids can be represented in the same form 
as that for the flow of electricity. If there is a flow of energy w in 
a path of cross section a, the temperature variation over a length / 
is 


t = we- 
a 


where p is the specific thermal resistance of the material ex- 
pressed in deg C per in. per watt. 

The transfer of energy from a cooled surface by radiation and 
convection is a greatly complicated phenomenon, but for prac- 
tical purposes it is usually assumed that, for a flow of energy w 
across a surface of area a, the temperature difference between 
the cooled surface and the cooling medium is 


Where k is the coefficient of heat transfer expressed in watts 
per sq in. per deg C of temperature difference. 
When heat is removed by a cooling fluid circulated at a rate 
q, for a flow of energy w, the temperature rise of the fluid is 


6 

t=w- 

q 
Where @ is the temperature rise of a unit volume of the fluid 

corresponding to a unit flow of energy. 
When the flow of the fluid is expressed in gpm (gallons per 
minute), and w in watts, @ = 0.0038 for water, and 0.0095 for oil 

(for the average conditions obtained in bearings). 


1 @ 
The foregoing thermal resistances p a’ ka’ — be combined in 
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parallel, in series, or in combination of both as electrical resist- 
ances and solved by the same methods. 

In a water-cooled bearing, the path for the flow of heat from the 
bearing surface to the cooling water is quite simple and can be 
determined graphically, as shown in Fig. 11, where the thermal 
resistance of the complete path is also given for several combina- 
tions of materials, 

Yor air-cooled oil-ring journal bearings, the path for the flow 
of heat is much more complicated, and the coefficients of heat 
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(Specific thermal resistance of copper = 
Specific thermal resistance of tin 
Specific thermal resistance of steel 
Specific thermal resistance of lead 
Flow of water for bearing = 10 gpm 
Flow of water per sq in. of bearing surface = 0.017 gpm 
Coefficient of heat transfer from cooling water to bearing shell, 4 w per sq in. 

per deg C.) 


transfer between the various surfaces and oil or air have to be 
determined by tests duplicating operating conditions (1), as much 
as possible. 

The thermal-resistance network for a6 X 12 bearing of conven- 
tional design is shown in Fig. 12, as well as the flow of heat 
through the different paths. 


e ind 
Appendix 3 
AVERAGE TEMPERATURE OF O1L FILM 


With high friction losses, the temperature gradient through the 
thickness of the oil film becomes appreciable, i.e., it is 24 C 
through an oil film 0.001 in. thick for a rate of heat flow of 100 w 
per sq in. In a water-cooled bearing, most of the heat gener- 
ated in the oil film flows to the bearing surface and only a negli- 
gible amount to the journal. For moderate speed where the rate 
of shear and viscosity are nearly constant through the thickness 
of the oil film, the average temperature of the latter above the 
surface of the bearing is independent of the oil-film thickness (4, 
6) and equal to 


t deg C = 1.29 X 10-* ZU? 


Example: For a peripheral velocity of 750 ips, and an oil hav- 
ing a viscosity of 10 centipoises at 70 C, the average temperature 
of the oil film will be 7.25 deg C above the temperature of the 
bearing surface. 
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Appendix 4 


Minimum THICKNESS AND LEAKAGE 


The oil-film thickness and the flow of oil in a bearing of finite 
width have been investigated by many authors (1, 3, 7). The 
data they have published have been discussed in a previous paper 
(2) and used to plot the values of the side leakage and of the 
oil-film thickness given in Fig. 13, which are in reasonable agree- 
ment with experimental values (10, 15). ° 
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Effect of Aeration on Gear-Pump Delivery 
and Lubrication Ceiling 


By P. H. SCHWEITZER,' STATE COLLEGE, PA. 


Gear-pump delivery falls off with altitude and, above a 
certain point, it fails to provide the necessary engine lub- 
rication. By deductive reasoning, an equation has been 
developed for calculating the gear-pump delivery with 
aerated oil and also the “‘lubrication ceiling.’’ Charts are 
presented to show the effect on lubrication ceiling of (1) 
entrained air, (2) dissolved air, (3) pipe length, (4) pipe 
diameter, (5) tank height, pressure boost, valves, and ells, 
(6) oil viscosity, (7) pump speed. According to results ob- 
tained, a reduction of dissolved air and reduced pipe re- 
sistance between oil tank and pressure pump have rela- 
tively small effects on the lubrication ceiling. Effective 
ways to raise the ceiling are pressurizing the oil tank and 
reducing the pump speed. 


AR pumps have been used almost exclusively in aircraft- 
engine lubrication systems and have given excellent 
service, except for difficulties experienced as a result of 

aeration, especially at high altitudes. A most common trouble 
caused by aeration is reduced pump delivery. It has been shown 
by Dolza? and Pigott’ that aeration at high altitude markedly 
reduces the delivery of the gear pump. It has also been pointed 
out that small-diameter pipes, sharp bends, valves, and reducers 
in the suction line, in combination with entrained and dissolved 
air in the oil, are harmful, and adverse conditions are aggravated 
by such factors as high oil viscosity and high pump speed. 

The object of this paper is to enable the reader to predict gear- 
pump delivery with aerated oil under a variety of circumstances. 
A further object is to show how the “lubrication ceiling”’ is in- 
fluenced by a number of factors. 


No AERATION 


The gear pump is a positive-displacement pump, hence its 
delivery is constant except when the tooth space fails to fill up 
with liquid. However, even in an ideal gear pump, pumping 
liquid which is completely air and gas free, 2t a speed which as- 
sures that its rotors are completely filled, by reducing the inlet 
pressure progressively, a point is finally reached at which the 
liquid begins to vaporize. At that and lower pressures, cavita* 
tion sets in, and the tooth space will be filled partially with 
vapor. In consequence, below the cavitation point C in Fig. 1, 
the pump delivery decreases rather sharply, to become zero at 
zero absolute inlet pressure, when all of the tooth space is filled 
with vapor. 

In the foregoing, pump losses such as “back delivery” and 
“slip” have been ignored. With an ordinary gear pump, such as 
shown in Fig. 2, there is an appreciable clearance volume between 

1 Professor of Engineering Research, Pennsylvania State College. 
Mem. A.S.M.E. 

2“Correlation of Ground and Altitude Perfermance of Oil Sys- 
tem,” by John Dolza, presented at S.A.E. meeting, June 8, 1942. 

3 “Oil Aeration,’ by R. J. S. Pigott, S. A. E. Journal, March, 1944, 
pp. 73-84. 

Contributed by the Oil and Gas Power and Aviation Divisions and 
presented at the Annual Meeting, New York, N. Y., Nov. 27—Dee. 1, 
1944, of Toe AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those of 
the Society. 


123 


the teeth. The amount of liquid contained in that clearance 
volume is taken from the discharge side and delivered back to 
the inlet side. Therefore, the pump delivery will be that much 
less. The geometric displacement is defined as 


= 2NLH 


where N is the number of gear teeth on one gear, L the effective 
length of the gears, H the tooth area, consisting of (1/N) 
(D°r/4 — G), Do the outer diameter of the gear, G the cross- 
sectional area of the gear, including the hub cross section. 
Referring to Fig. 3, borrowed from Pigott,‘ the tooth space 


4“‘Some Characteristics of Rotary Pumps in Aviation Service,’” 
by R. J. S. Pigott, Trans. A.S.M.E., vol. 66, 1944, pp. 615-623. 
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DISCHARGE 
SIDE 


Fic. Space AND CLEARANCE VOLUME 


(Horizontal shaded area represents tooth space; vertical shaded area repre- 
sents clearance volume.) 


corresponds to the horizontally shaded area H, the clearance 


volume to the vertically shaded area V. The back delivery B 
can then be expressed as 


and the gear-pump delivery as 
Q = n(V geo B) =n 2NL ¢ (3] 
in cubic inches per minute. 


It is convenient to express the gear-pump delivery in the form 
of volumetric efficiency 7, defined as 


Q/n 
with which 
V V 
= ]— 5 
7=1 Vox oH [5] 


This permits the gear-pump delivery to be predicted by plani- 


metration. If V/H = 0.2, the pump delivery will be reduced 


(due to back delivery) by 10 per cent. 

Slip also reduces the pump delivery. Slip is the leakage of 
the liquid past the periphery, the face and the shaft of the gears. 
Slip is naturally dependent upon the machining clearances, the 
pressures, the liquid viscosity, and rotative speed. In aviation- 
type gear pumps, delivering lubricating oil, the slip is of the order 
of 3 per cent of the delivery but, under unfavorable conditions, 
it may be much more. In Fig. 4, the effect of slip is shown by the 
dash-dot line, which is drawn 3 per cent below the delivery line 
as already reduced by the clearance. 

The cavitation point Cin Fig 1 was related to the absolute inlet 
pressure. What really controls the cavitation, as well as aera- 
tion, is not the inlet pressure as it is measured at the pump flange 
but the pressure existing in the tooth space, Fig. 2. If there is 
neither a pressure drop between the pump entrance and the 
tooth space nor a pressure rise due to leakage from the discharge 
side, then the tooth-space pressure is equal to the pump-flange 
pressure, but ordinarily the former is lower. There are numerous 
losses in pressure resulting from the entry of the liquid into the 


FEBRUARY, 1945 


gear pump, the most important ones belonging to the following 
three categories: 

1 Impact loss in the pump housing, due to changes in the cross 
section and direction of the flow, varies with the square of the 
flow quantity and can be calculated by the known hydraulic 
formulas. According to Pigott,’ the impact loss may be ex- 
pressed as 


where p for 180 deg S.A.E. 60 oil is 52.44 lb per cu ft and varies 
only slightly with the temperature. 

2 Centrifugal loss: For entering the tooth space the liquid 
has to overcome the centrifugal force, which, as was shown by 
Dolza,? amounts to 


where w = angular speed of gear, radians per sec 


r = root radius, in. 

R = addendum radius, in. 

p = mass density of liquid, lb in.~* sec? | 
p. = centrifugal pressure upon liquid, psia 


rpm? 
The product w? p happens to be close to — : 7000 oF lubricating 
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3 Acceleration pressure loss: This is spent on raising the 
velocity of the liquid from pump-flange velocity to peripheral ve- 
locity of the pump gear. If the liquid did not have a velocity 
equal to the gear tip when it is picked up, the liquid column 
would break and cavitation would set in. The acceleration 
pressure loss can be expressed as 


Pa 


where p is the mass density of liquid (Ib in.~‘ sec”), 9», = Rw the 
gear-tip velocity, and vy the pump-flange velocity, both in in. 
per sec. 


5 “Preliminary Calculations on Air-Oil Performance of Spur-Gear 
Pumps,” Gulf Research and Development Company Report KG-00 
of April 13, 1942, and Supplement File KG-00-I, of Jan. 17, 1944. 
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In a typical gear pump, described by Pigott,’ the respective 
values for normal delivery are as follows: 


Impact loss in pump housing............... pi = 0.353 psi 
Acceleration pressure loss.................- Pa = 1.85 psi 


making the total pressure loss in the pump 3.433 psi. 

Considering the pressure difference between the pump flange 
and the tooth space, the delivery shown with dot-dash line in Fig. 
4, plotted against the pump-flange pressure will appear as in 
Fig. 5. The point C (Fig. 1) moves 3.433 psi = 7 in. Hg to the 
right to C’. This point, frequently referred to as the knee point, 
break point, or fall-off point, is naturally determined by the 
pump losses and the vaporization pressure of the liquid. 


3.433 psi 


— 872 


10 20 30 
PUMP FLANGE PRESSURE » Inch Hg abs. 


Fig. 5 Gear-Pump Detivery RELATED TO PuMp-FLANGE PRESSURE 


The foregoing description of gear-pump behavior refers to an 
incompressible liquid medium that is completely air, gas, and 
vapor free, down to the vaporization pressure. Under such cir- 
cumstances the pump volumetric efficiency will not be affected 
by such factors as liquid viscosity, pump speed, and absolute inlet 
pressure, except at inlet pressures below the fall-off point. 

In reality, the lubricating oil always contains air and, fre- 
quently, also some vapor and gases. Air is present in the oil 
in two forms, entrained air and dissolved air, 

Entrained air is in the form of bubbles. Large bubbles are 
very unstable as they quickly rise to the surface and either col- 
lapse or form foam, Small air bubbles make the oil lighter in 
color and opaque. They are more stable although given time 
they all settle out. Oil free from entrained air is transparent or 
translucent but it still contains a certain amount of dissolved air. 
Dissolved air is invisible and, since it only fills the intermolecular 
spaces, it does not increase the oil volume. In equilibrium, lubri- 
eating oil holds approximately 8 per cent air in solution under 
normal pressure and temperature conditions. We have found® 
that the amount of air dissolved is proportional to the pressure. 
If the ambient pressure increases, the oil absorbs proportionately 
more air from the atmosphere; if it decreases, part of the dis- 
solved air evolves in the form of bubbles. Under violent agita- 
tion, as in the gear pump, the evolution of air takes place very 
quickly. 

While the amount of dissolved air in the lubricating oil is 


6 ‘*Air-Lock and Foaming in Aero-Engine Lubrication System,” 
Report of May, 1943, from The Pennsylvania State College, Engi- 
neering Experiment Station, to the National Advisory Committee for 
Aeronautics. 


small and varies but slightly, the amount of entrained air may be 
considerable and vary a great deal along the circuit. It generally 
enters the system in the engine crankcase. As the capacity of 
the scavenge pump usually exceeds the capacity of the pressure 
pump by a considerable margin, the difference is made up largely 
by entrained air. Therefore, the oil discharged by the scavenge 
pump contains 50 per cent or more entrained air and 8 per cent 
or so dissolved air. Most of the entrained air is eliminated (usu- 
ally in the oil tank) before the oil enters the pressure pump, but 
2 to 12 per cent or more may remain and affect the pressure- 
pump delivery unfavorably. The amount of entrained air re- 
maining depends greatly upon the design of the oil tank. Some 
“hopper-type” tanks render a poor performance with respect to 
air separation. 

Other gases may be present in the oil, originating from piston- 
ring blow-by, and vapor from gasoline dilution. Like air they 
may be entrained or dissolved and are controlled by similar laws. 
All air, gas, and vapor may be treated alike with respect to their 
influence on the delivery of the gear pump, and the term ‘‘aera- 
tion” is intended to cover all of them. 


Errect OF AERATION ON GEAR-PuMP DELIVERY 


Entrained Air. The amount of entrained air or gas in the oil 
may be expressed by its volume N7'P (under 60 F temperature 
and 14.7 psia pressure) relative to the oil volume; which means 
that the amount of entrained air at ambient barometric pressure? 
Pp is 


NTP 
J (pb) = 


The volume of this air under tooth-space pressure is 


The tooth space is filled partly with oil and partly with entrained 
air, therefore 


Veco Vou + Paty Vou = Vu \ 1 +e Pe [11] 


t Pt 


Dissolved Air. Any dissolved air that may be present in the 
oil occupies no volume therefore need not be considered in Equa- 
tion [11]. On the other hand, any dissolved air that comes out 
of solution in the tooth space as a result of the reduced pressure 
must be considered. The next problem therefore is to deter- 
mine how much dissolved air comes out of solution while the oil 
flows from the tank through the pipe and pump housing into the 
tooth space. 

If the clear oil contains under N7'P (sea level) condition d part 
of dissolved air in equilibrium 


at a lower barometric pressure existing in the oil tank, the amount 
of the dissolved air will be 


[13] 


and at the still lower pressure existing in the tooth space, the 
amount of the dissolved air will be 


7 Where terms pp, p:, and po appear as exponents or subscripts 
they will be given as (pb), (pt), and (po), respectively. 
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Consequently, on its way from the oil tank to the tooth space (see 
Fig. 2) an amount of 


NTP NTP 
= V 


dissolved air will be released. This amount of air will occupy a 
greater actual volume at the lower p, pressure 


Pt Pr 


Vie = d Vou (= 1) ws {17} 
Pr 


This volume of air will augment the volume of entrained air con- 
tained in the oil and will displace a corresponding volume of oil 
from the tooth space. In consequence, the geometric delivery 
will include an additional member and, in place of Equation [11], 
we obtain 


or 


Vow = Vea + Be Voi 1) d Vou [18] 
Pt Pr 


from which the oil delivery can be expressed as 


Veco 


1+0%4a(—1) 
Pt Pt 


If Vgeo is expressed in cubic inches, the oil delivery will be ob- 
tained in cubic inches per revolution. The oil delivery per 
minute is 


Vou = 


and using the term volumetric efficiency, as defined by Equation 


(4) 


which is a measure of the pump performance, irrespective of its 
size. 

In Equation [21] e denotes the amount of free air entrained in 
the oil, and d the amount of free air dissolved in the oil, in either 
case cubic feet of air N7P per cubic foot of oil. If the oil is at 
rest and accessible for sampling, e can be determined by weighing 
a known volume of the aerated oil or by allowing the sample to 
settle. The volume decrease after complete settling gives the 
air content under the actual barometric conditions which can be 
converted to NTP conditions by Boyle’s law. The air content 
NTP divided by the remaining oil volume gives d. 

If the oil is in motion, or is otherwise inaccessible for sampling, 
the ‘‘Airometer,’”’ shown in Fig. 6, may be used. The operation 
of this instrument is based on the relation between compressi- 
bility and air content and has been fully described elsewhere. 

In a conventional lubrication system, as shown in Fig. 7, a 
considerable amount of air is taken into the engine sump as a 
result of the excess capacity of the scavenge pump over the pres- 
sure pump. In consequence, the entrained air e may be 50 per 
cent or more at the outlet of the scavenge pump. Most of that 
air escapes in the oil tank and what remains at the pressure-pump 
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inlet should not be expected to be more than 10 per cent. The 
design of the oil tank may help or hinder the air separation. 

For the determination of dissolved air, the Okonite tester, de- 
scribed in a previous report,* may be used. However, under 
NTP conditions, the dissolved air in lubricating oil is as a rule 
between 7 and 11 per cent and, by assuming it to be 8 per cent, 
no great error will be made. 

With a typical gear pump, characterized by a total pressure 
loss of 3.433 psi, and a total line loss of 0.7205 psi between the 
tank and pump under full delivery and 2600 rpm pump speed, 
Equation [21] gave the results shown in Fig. 8. 

The calculation is not as simple as it may appear because of the 
presence of p, in the denominator. The tooth-space pressure p, 
is equal to the oil-tank pressure p, plus tank height equivalent, 
less line loss, less pump loss. The line loss up to the pump flange 
can be calculated by the method described by Pigott.6 It de-- 
pends upon the velocity of the flowing oil, v = Q/F, and consists 
of two kinds of losses, the vee losses, which under laminar flow 
comprise the pipe resistance, etc., and vee-square losses like 
impacts, cross-sectional changes, etc. The pump losses also 
consist of two sets of losses, the vee-square losses in the pump 
housing and the tooth-entry losses, which in turn are composed of 
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the centrifugal loss and the acceleration or pickup loss as pre- 
viously described. Of these losses, the vee losses and vee-square 
losses vary with Q/F and Q?/F?, respectively. The tooth- 
entry losses vary as the square of the pump rpm and as the first 
power of the oil velocity. 

The dependence of p, on the velocity v = Q/F and velocity 
square v? = Q?/F? makes a cubical Equation of [21], which, how- 
ever, can be solved without higher algebra by convenient graphi- 
cal methods. 

Equations [20] and [21] permit the solution of a number of 
interesting problems which, hitherto, have been inaccessible to 
mathematical treatment. One of them pertains to the optimum 
pump speed. What speed of a given pump, pumping a given 
liquid at a given altitude, gives greatest delivery? With low 
pump speeds, the delivery obviously will increase approximately 
in proportion to the speed. When the speed becomes high, in- 
complete filling of the tooth space reduces the delivery. Above 
a certain speed, the negative effect of the incomplete filling re- 
sulting from aeration is greater than the positive effect of the 
speed increase, and the delivery will decrease. 

Fig. 9 shows the oil delivery plotted against the pump speed for 
our typical gear pump at various altitudes. It shows that at 
sea level about 4000 rpm gives maximum delivery. At higher 
altitude the optimum pump speed will be lower; at 32,500 ft 
altitude less than 3000 rpm. The curve refers to aviation oil 
containing 10 per cent entrained air and 8 per cent dissolved air. 
Since it is in high altitudes where lubrication failure is likely to 
occur, gear pumps should be so designed as to give maximum de- 
livery at high altitudes rather than at sea level. 

In Equations [20] and [21], the slip and back delivery have been 
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ignored. Allowing for these, the oil delivery will be that much 
smaller 
V geo 
Q=n —S—B....... [22] 
Pt Ps 


The slip S, or leakage of oil between and around the gear teeth 
is a certain fraction of the total oil delivery, depending mainly 
upon the oil viscosity, discharge pressure, and machining clear- 
ances in the gear pump. In an aviation-type pump, pumping 
lubricating oil, it is of the order of 3 per cent. Generally it may 
be set as 


The back delivery B, as just explained, is due to the clearance 
volume between the meshing teeth on the noncontacting side of 
the gear (see Fig. 3) and is a fraction of the geometric displace- 
ment and may be expressed as 


Pumping air-free oil, b is constant and of the order of 16 per 
cent. With aerated oil, b will slightly decrease with aeration 
because the back-delivered oil also contains some air. However, 
in case of a pressure pump, where the inlet pressure is atmos- 
pheric or less and the discharge pressure is of the order of 100 psi, 
the volumetric air content in the back delivery is only a fraction 
of the air content of the oil fed, and its effect on b may be neglected 
for all practical purposes. 

From Equations [22], [23], and [24], we obtain 
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If we neglect slip and assume b = 0.16 


1 


Pr 


which means that the effect of clearance can be provided for by a 
parallel translation of the volumetric-efficiency curves along the 
vertical axis. Fig. 10 shows the delivery of the gear pump, repre- 
sented in Fig. 8, with 16 per cent back delivery. 
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Fie. 10 DELIVERY FoR TypicaL GEAR Pump WITH 
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(Pump: 1.5 in OD; 0.963 in. root diam; 32 per cent clearance volume; 

2600 rpm. Line: 1.134 in. ID; 17 in. long; one ell, three nipples, one 

valve. Dissolved air, 8 per cent of oil volume N7P; entrained air, as 
indicated.) 


It will be noted that the delivery becomes zero before the inlet 
pressure becomes zero. This is not surprising since, at very low 
inlet pressures, all of the delivery is recirculated. 


LUBRICATION CEILING 


In aviation service, a pertinent question is: How high can a 
plane fly before the engine is distressed for lack of adequate oil 
supply? This problem would seem to be much more complicated 
than computing pump delivery but, actually, it turns out to be a 
great deal simpler. 

Lubrication ceiling is reached when the delivery of the pressure 
pump drops below the tolerable minimum. If we stipulate that 


8 Although Equation [25] has been obtained by deductive reason- 
ing, its validity has been confirmed by test results obtained in the 
course of an experimental investigation on ‘‘Airlock and Foaming in 
Aero-Engine Lubrication System,”’ sponsored by the National Ad- 
visory Committee for Aeronautics,* at The Pennsylvania State 
College. 
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this tolerable minimum be one half of the maximum capacity of 
the pump, Equation [27] evolved in the Appendix, from Equa- 
tion [26], is 


where p, is the absolute barometric pressure at the lubrication 
ceiling (psi), PL the total pressure loss from oil tank to tooth 
space (psi), d the ratio of the dissolved air volume (NT'P) to oil 
volume, and e the ratio of the entrained air volume (NTP) to 
oil volume. 

This equation refers to a pump with zero slip and zero back 
delivery. These assumptions have been made to simplify the 
formula. The general formula is given in the Appendix. But 
ignoring slip and back delivery, the effect of other factors on p, 
is practically the same. 

From p,, by the known empirical relation, Fig. 11, the lubri- 
cation ceiling, L.C., can be determined. For purposes of this 
discussion, ‘‘lubrication ceiling”’ is defined as the altitude above 
which the pump delivery drops below the critical delivery, which 
is taken to be 50 per cent of the sea-level delivery. For another 
percentage Equation [27] is slightly different as seen in the Ap- 
pendix, 

The application of Equation [27] resulted in the charts, Figs. 
12 to 18, which give both detailed facts and a perspective on the 
effects of various factors on the lubrication ceiling. 

Only one variable was changed on each chart, the other varia- 
bles being kept standard. The chosen standards were as fol- 
lows: 


Pump: W. A. external gear pump, 1.5 in: OD, 0.963 root diam, 
2600 rpm, delivering normally 16 gpm of oil. 

Oil: An S.A.E. 60 oil with 32.2 centipoises abs viscosity at 180 F 
and 1293 centipoises at 60 F. 
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Line from tank to pump and fittings identical to those described $0,000 fF 
by Pigott‘ with 1.134-in-ID x 17-in. tubing, one ell, three nipples, 
and one valve. 


Entrained air: + per cent of oil volume. 
Dissolved air: 8 per cent of oil volume. 
Pump speed: 2600 rpm. 
il temperature 180 deg F | » 
These basic conditions correspond to those of a typical instal- 


lation, 
An inspection of these charts reveals some startling facts. 


Fig. 12 shows the effeet of entrained air and is in line with ex- 
pectation. The L.C. is 46,000 ft with zero per cent entrained air 


and drops gradually to 24,000 ft with 24 per cent entrained ‘S 30.000 + 
air. The entrained air is in the pipe between tank and pressure Q 
pump; and, because most of the air gets out of the oil in the $ 
tank, it must be an unsatisfactory tank or cold oil if fhe gn- 2 
trained air is more than 8 per cent. Usually it is more likely to g 
be 4 per cent, which gives 41,000 ft L.C. under basie conditions. * 
& 20.000 F 
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The effect of entrained air can be stated very simply: Atabout ~ 
40,000 ft altitude, every additional 1 per cent aeration reduces 
the lubrication celling by 1250 ft, and this irrespective of the 
pump and line resistance. 
Fig. 13 shows the surprising fact that the effect of dissolved air 
is so slight as to be negligible. The L.C. changes only from ies 
12,000 ft to 40,000 ft when the dissolved air increases from 0 to 12 
per cent. The normal amount, according to our measurements, 
is 8 per cent. It must not be forgotten, however, that the effect 
of dissolved air would be greater if the pipe resistance were 
greater. The curve refers to 1.134 X 17-in. pipe and fittings. 
Fig. 14 shows the effect of pipe length and is in line with expec- on O° 2 30° 
tation. Very long pipe is not good. PURE 
The effect of pipe diameter is shown in Fig. 15 and is sur- Fic. 14 Errect or Pire Lenctx on Lusrication CeILine 
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prisingly small in the normal region. By substituting 2!'/2-in- 
ID for 1.134-in-ID tubing, the L.C. is raised from 41,000 ft only 


to 42,000 ft. Of course the fittings are supposed to be changed 
in proportion. The use of extra-large pipe is therefore not justi- 
fied. 


Fig. 16 shows the effect of tank height above the pump. 
Lowering the tank 2 ft lowers the lubrication ceiling by 6000 ft. 
It is immaterial whether the tank is lowered from 2 ft height to 
pump level or from pump level to 2 ft below pump level, the effect 
is practically the same. Of course, we are considering the L.C. 
The fact that with a 
negative suction height one may have priming troubles is another 
story. 

On the same chart the effect of an extra ell (90 deg) or an extra 
valve in the line is shown, both unexpectedly small. Neither of 
them reduces the ceiling by as much as 500 ft. Therefore, the 
avoidance at all price of ells and valves is not justified. On the 
other hand, pressurizing the tank to 1 psig raises the ceiling by 
9000 ft, provided the air content of the oil remains the same. 

Fig. 17 shows the effect of oil viscosity or temperature and is 
somewhat as would be expected, except that the effect of heating 
the oil above 160 F is insignificant. 

The effect of the pump speed is shown in Fig. 18. When the 
pump speed is raised from 1000 to 4000 rpm, the L.C. drops 
from 52,500 ft to 27,500 ft. This is considerable, even though 
it is realized that, in order to have 16 gpm normal delivery with 
low speed, a larger pump must be provided. 

On all charts a vertical line marks the basic conditions and cor- 
responds to a lubrication ceiling of 41,000 ft. 

The questions may be asked: What is the ceiling with a perfect 
pump? Is it infinite? First we must decide what we mean by 
perfect pump. If we define a perfect pump as one which has 
zero slip and zero tooth clearance (zero back delivery) then our 
charts already refer to a perfect pump, but the charts made up 
for an actual pump will not be much different. If, on the other 
hand, we define a perfect pump as one with zero slip, zero clear- 
ance, and zero pressure drop between pump flange and tooth 
space, the L.C. curves will be raised considerably. But the ceil- 
ing is still finite. 

With all pump losses being equal to zero, the total pressure loss 
will be PL = 0.231 psi and 


with the pump in continuous operation. 


P» = 1.08 X 0.2315 + 0.04 X 14.7 = 0.88 psi 


corresponding to a lubrication ceiling of L.C. = 65,000 ft. On 
the other hand, if the total line resistance from oil tank to the 
pump flange were zero, with a standard pump the pressure loss 
would be PL = 0.8582 psi, and 


TABLE 1 LINE AND PUMP LOSSES 


At 16 gpm At 8 gpm 
delivery, delivery, 
psi psi 
Vee square losses in line...............+-- 0.5148 0.1287 
Vee-square losses in pump housing......... 0.3528 0.0882 
Tooth entry (n?) losses: 
PL = Total pressure loss from tank and 
PL-vee square 3.2957 1.6428 


Note: The figures in this table refer to the example calculated by 
Pigott (references 3 and 4), corresponding to the conditions specified. Flow 
of 16 gpm represents normal flow, while 8 gpm represents the critical flow, 
limiting the ceiling. 


P, = 1.08 X 0.8582 + 0.04 X 14.7 = 1.518 psi 


corresponding to a lubrication ceiling of L.C. = 52,000 ft. 

A conclusion to be drawn from the foregoing analysis is that the 
greatest obstacle to raising the lubrication ceiling lies in the gear 
pump itself. This cannot be neutralized to any appreciable de- 
gree by minimizing line resistance or the percentage of entrained 
air. 

Table 1 shows the pressure losses from oil tank to gear teeth 
for normal (16 gpm) and critical (8 gpm) pump delivery. 


APPENDIX 
According to Equation [25], the volumetric pump delivery is 


= 


Pr 


n 


When, due to altitude, the volumetric efficiency of the pump drops 
to a critical value mer, the plane has reached its lubrication ceiling. 

Since the tooth-space pressure is equal to oil-tank pressure less 
pressure loss 


Equation [25] can be written as 


ner(1 + 8) +b= 


Po Po 
1+d(————1)+e> 
) 

or 


Po Po 1 
—1) 4 = 30 
— PL ) PL ner(1 + s) + b 


which with some algebraic transformation yields 


1 
( — 
1 


ner(1 + 8) +b 


Po = 


Assuming for the sake of simplicity that both slip and back de- 
livery are zero, then with s = 0 and b = 0, from Equation [31] 


[32] 
Ner 
or 
pu(4++a—1) + ep, 
——1 
Ner 


which gives the required barometric pressure for the critical 
pump delivery. Assuming that the pump delivery becomes 
critical when the volumetric efficiency of the pump drops to or 
below 0.5, which means one half of the pump’s maximum capacity, 
then Equation [33] becomes 


p, = PL(1 + d) + 14.7e€ 
which is identical with Equation [27] of the paper. 
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Discussion 


W. L. Weexs.® While we may not agree with the author in 
his appraisal of the theoretical handicap on a pump, of 12 per cent 
dissolved air in its supply, it is comforting to realize the loss is 
theoretical. When at 42,000 ft, the importance to the pilot of 
another 2000 ft in either direction may be considerable. How- 
ever, our research work with the Gulf Company has indicated 
that the practical effect of dissolved air in the power-plant oil 
system, on the pressure pump, is much less than would show by 
calculation. The principal reason for the gratifying discrepancy 
is that, in most installations, the oil simply does not have time to 
change condition as to dissolved-air content at the place it would 
have the greatest detrimental effect, namely, at the inlet zone 
of the pump rotors. Mr. Piggott assures us that a natural reluc- 
tance of the usual oil to release its dissolved air is a factor in this. 

In the author’s discussion of the calculation and actual meas- 
urement of entrained free air, he refers to and recommends the 
‘“Airometer’” which he has developed and described in a previous 
report. With due respect to the clever design which this device 
shows, the writer feels that it is a mistake to recommend it or 
any other instrument which measures entrained air on the basis of 
volumetric displacement, without simultaneously stressing the 
prerequisite to its practical use, namely, that it be supplied a 
homogeneous mixture,.as the sample. It is quite soundly es- 
tablished that accurate measurement of entrained air is more a 
problem of obtaining a truly representative sample than of evalu- 
ating the sample. 

This line of experiment is very intriguing and there are so many 
possible ways of doing the displacement-measuring job on a static 
sample of oil/air mixture that many want to, and do, tackle it. 
It is quite easy to assume that the sample captured and taken 
aside to be tortured is representative in the per cent of air it 
contains, but the assumption is as likely to be wrong as it is easy 
to make. 

The author’s statement of the effect of inlet-pipe diameter is 
extremely misleading, as is its reference, Fig. 15, unless it is 
qualified by tying it in with the particular pump in the case. 
It so happens that the pipe line used with the pump was already 
large enough to cause small inlet pressure loss, at the normal 
pumping rate. That should be pointed out. In some other pump 
case (engine flow rate), a change of 0.25 in. in diameter of pipe 
from one which was too small to start with, might easily make a 
difference of a couple of thousand feet altitude. 

Again, when the author discusses the effect of an extra ell 
(90 deg) or an extra valve in the line, the need for some qualifica- 
tion of statement is indicated. The effect on the oil pump of dif- 
ferences of inlet pressure vary, depending upon the altitude at 
which the comparison is being made. For instance, the ‘‘extra 
ell” is cited as costing somewhat less than 500 ft altitude (we make 
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it 585). This is true only at the particular altitude, shown as 
about 28,000 ft. The resistance of the fitting is known to be 
about 0.26 in. Hg. If the author were to try the effect of this 
pressure loss up half way in the altitude zone where he shows 1 psi 
“pressure boost”? applied (33,000 to 42,000 ft), the cost of the 
“extra ell’”’ will be found more significant. A loss of 0.26 in. Hg 
at that altitude or 37,500 ft costs roughly 720 ft in ‘‘ceiling.”’ 

In reference to this and the statement on effect of pipe diame- 
ter, the writer would like to mention the fact that Wright Aero- 
nautical has been very active for the last 3 years in selling the 
small and seemingly detailed refinements in oil-ink t lines, as to 
size and fitting restrictions, as being important when accumulated 
in an installation. The airplane companies bought the idea, and 
it has paid off. We have applied it in new pump design. Now, 
along comes the author of the present paper to discount, perhaps 
unintentionally, the cumulative importance of the small factors 
in installation design. 

AUTHOR'S CLOSURE 

As to the dissolved air, the author fails to see the discrepancy 
mentioned by Mr. Weeks, between the calculated and practically 
observed effects, both being insignificant. According to theory, 
in the specified case, the lubrication ceiling decreases only 165 ft 
for each per cent increase of dissolved-air content. The prac- 
tically observed effect can hardly be “much less.’’ True, the 
calculations have been based on the assumption that dissolved 
air is released at the pump inlet in proportion to the pressure drop 
(Henry’s law). It is believed that this is a close approximation 
of the truth. Our unpublished experiments show that air goes 
into solution reluctantly in oil but comes out of solution very 
readily even from a quiescent liquid and almost instantaneously 
when the oil is agitated. Even so, the calculation showed the 
effect of the dissolved air on lubrication ceiling to be negligible. 

A feature of the “‘airometer’’ mentioned in the text is that it is 
a full-flow instrument, in distinction to those devices that handle 
a sample bled from the main flow. Handling the full flow, there 
cannot be any question about the mixture not being representa- 
tive. The air content is of course measured on the volumetric 
basis and the results are therefore not identical with the per cent 
air content measured on the time basis, the latter being the ratio 
of the volumes of air and oil passing a given cross section of the 
pipe in, say, one second. Even that difference is insignificant 
unless slugs of air pass the line with a velocity greater than the 
velocity of the oil, a condition that rarely exists between the oi] 
tank and the pressure pump. 

The numerical effect of the inlet-pipe diameter, valves, and 
ells are true only for the example cited which represents a typical 
Wright Aeronautical installation described by Pigott.6 It cer- 
tainly was not the intent of the author to discourage refinements 
and streamlining on oil-inlet lines, but the figures have shown to 
his own surprise that at least in certain cases effects are very small. 
The opposite is true of air entrainment, tank, pressurization, and 
pump speed. 
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Boiler Nozzles and Valve Inlets for 
Maximum-Capacity Safety Valves 


By FE. K. FALLS," ROCHESTER, N. Y. 


This paper gives results of a developmental program for 
a safety-valve design which would be capable of dis- 
charging the greatest amount of fluid that could flow 
through a given size inlet, within the limitations imposed 
by entrance conditions of pressure, and either temperature 
or quality. Conditions were determined which would 
guarantee satisfactory performance, and also those which 
might possibly contribute to poor entrance conditions of 
the design developed, or any other design using the same 
inlet condition. Suggestions are made by the author for 
consideration when new Boiler Code rules are established 
for high-capacity valves: (a) Welding rings should be 
prohibited in boiler-safety-valve nozzles. (6) Rounded- 
surface entrances are requisite. (c) Welding metal should 
not interfere with flow at outside edge of entrance surface. 
(d) Minimum distances from entrance to other surfaces 
should be specified. 


INTRODUCTION 


HE present designs of safety valves commercially available 
have discharge capacities which are based upon areas of 
opening considerably less than that of the inlet connection. 

Coefficients of discharge approaching unity, computed by 
Napier’s equation for steam flow and based on the smallest 
cross-sectional flow area, are attainable with some of the com- 
mercial valves. For a given inlet size, the ratio of the smallest 
flow area to the area of the inlet may be considerably less than 
unity. Although such a safety valve may discharge practically 
the maximum theoretical possible quantity for the given flow area, 
an increase in the flow area may increase the capacity even though 
the total flow is considerably less than that theoretically possible. 

The A.S.M.E. Boiler Code permits the use of safety valves 
which give any opening up to the full discharge capacity of the 
area of the opening of the inlet of the safety valve (1).? 

A development program was pursued by the company with 
which the author is a consultant, for the purpose of developing 
a safety-valve design that for all practical purposes would be 
capable of discharging the greatest amount of fluid that could 
flow through a given size inlet for imposed entrance conditions 
of pressure, and either temperature or quality. The advantage 
to be gained is that the smallest total area of opening in the 
shell of a boiler or pressure vessel required to discharge the proper 
amount of fluid is obtained with this type of construction. Asa 
part of the development, it was considered desirable to determine 
those conditions that would guarantee satisfactory performance, 
and also those that might possibly contribute to poor entrance 
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conditions of this design or any other design using the same type 
of inlet connection. 

Sufficient consideration has not been given to the proper mount- 
ing of safety and relief valves in the past. Relief valves in 
particular are mounted incorrectly in many cases. At times 
designers specify long pipe lines with several turns or elbows to 
connect a relieving device with the pressure vessel to be pro- 
tected. If the pressure drop due to friction in the entrance line 
is appreciable, faulty valve performance results. Boiler-safety- 
valve installations are much more closely controlled in this re- 
spect as a result of the various boiler-code rules prescribing ac- 
ceptable means of installation, and yet, dry pipes or the like, 
placed within the boiler drum near the safety-valve inlet, can con- 
stitute a possible hindrance to flow, especially if the rate of flow 
through the boiler safety-valve nozzle approaches the maximum. 
At present there are no code rules covering the design of this part 
of a boiler installation. 

Practically all present-day safety valves have capacities con- 
siderably less than the capacity possible through a nozzle having 
a throat diameter equivalent to the inlet size or entrance-piece 
diameter. The ideal design is capable of having a capacity that 
approaches the maximum capacity possible of attainment through 
an entrance nozzle, and yet, at the same time, maintaining satis- 
factory performance. Previous tests have been reported on 
nozzle-type safety valves which had throat areas equal to the 
boiler-nozzle areas (2), but the values of lift and capacity for this 
arrangement were not mentioned. 

To produce capacities that are large relative to the entrance- 
piece diameter, the commercial product must have a flow passage 
that simulates the flow nozzle which has (a) a rounded-entrance 
converging section; (6) a short length of straight-tube section 
usually termed the throat; and (c) a diverging section beyond 
the throat of increasing cross-sectional area, assuming that 
expansion is incomplete at the throat of the safety-valve nozzle. 
Thus the performance of the design described herein is not de- 
termined solely by the constriction above the inlet flange or 
threaded inlet connection, but by the arrangement of the entire 
flow passage from the entrance within the boiler shell to the 
outlet connection. 

The rounded-entrance flow nozzle is considered the ideal shape 
for the contour up to and including the throat, but because of 
mechanical requirements there must be marked departures from 
this simple shape in the final design. For example, the throat 
section of the ideal nozzle consists of a short tube about 1 diam 
long or less. This length in the new design is increased to ap- 
proximately 5 diam, because the flow passage must pass through 
the safety-valve inlet flange and up to about the center line of the 
outlet connection. This length of throat section may introduce 
a noticeable increase in the amount of friction if the wall roughness 
is permitted to increase during the life of the safety valve. It 
is important then that the wall of this section be as smooth 
as is commercially feasible. 

With ideal wall conditions, the rounded entrance could con- 
verge immediately to a throat size equal to that of the inlet. 
diameter. However, a boiler safety-valve nozzle is usually 
welded or riveted to the boiler shell and is needed to provide a 
means for mounting or removal of the safety valve. Due to this 
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tube having a relatively rough wall compared with the throat, the 
desirability of a joint between the boiler and the safety-valve 
body, and the need of providing sufficient distance from the shell to 
the safety-valve body to make up this joint, the converging section 
is splitinto two parts; (a) a rounded entrance at the lower end of 
the boiler nozzle, and (6) a conical section immediately preceding 
the throat which produces a small reduction of diameter, and 
which is connected with the rounded entrance by a cylindrical 
passage. There should be no break in the wall surface of the 
second converging part, hence the joint is located at the dis- 
charge end of the boiler nozzle where the full diameter occurs. 
The large reduction of diameter at the rounded entrance of the 
flow nozzle is made to occur within the boiler drum in this design 
and is formed by turning a radius on the lower end of the tube. 


APPARATUS AND EQUIPMENT 


All development tests were performed at the Bridgeport Works 
of the company, with wet saturated steam as the fluid. Although 
many different combinations were tested during the period of 
development, the experimental work consisted primarily of two 
types of tests; (a) flow tests for which the capacity-lift relation 
was investigated as affected by various factors; and (b) pop tests 
for which the pop action, amount of blowdown, and lift at pop 
and accumulated pressures were determined. 

A flowmeter installation, Fig. 1, was used for the flow tests. 
Saturated steam from boiler No. 1 was admitted to the flow- 
meter line through a 6-in. power-operated gate valve. The 
maximum pressure available from this boiler was 700 psi. A 
3/,-in. by-pass line around the gate valve was used for close 
adjustment of the pressure during tests. This line also had a 
discharge connection to a returns tank. 

The primary element of the flowmeter consisted of a stainless- 
steel orifice with pipe taps installed in a 4-in. horizontal line. 
Straightening vanes were located in the line ahead of the orifice, 
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leaving approximately 6 pipe diam of straight pipe between the 
vanes and the orifice. A recording flowmeter indicated the vol- 
ume of flow. A set of seven range tubes permitted measurements 
of flow up to 25,000 lb per hr of saturated steam. 

The inlet for supplying steam to the drum of the flowmeter 
installation was located at the middle of the drum, the outlet for 
mounting of the safety valves at the upper head concentric with 
the vertical longitudinal axis. Pressure taps were located at the 
drum and the meter line. The drum tap was connected to the 
drum above the inlet but 90 deg around the shell. A drain valve 

yas attached to the lower head. 

Quality was determined with a calibrated throttling calorime- 
ter. Once flow was started through the apparatus, readings 
were not recorded until the quality was approximately 98 per 
cent. 

Disk lift was regulated by manual adjustment of a threaded 
spindle which engaged a nut at the top of a special valve yoke. 
A 20-pitch thread on the spindle, and a lift wheel, attached to 
the upper end of the spindle, having an adjustable dial divided 
into 50 divisions, provided means for measuring 0.001-in. lift 
increments. The closed or zero lift position was determined 
by lowering the spindle and disk until the disk was seated, after 
first having heated the safety valve parts by discharging steam 
through the apparatus at test pressure. The dial was adjusted 
for zero reading at this setting. 

Interchangeable throat tubes, Fig. 2, were made for insertion 
into a 2!/,-in. Type 1555 Consolidated safety-valve body to form 
the throat of the nozzle and the second converging section. A 
wall angle of 10 deg was used throughout to form the tapered 
converging section within the tubes, all of which were constructed 
with 1-in. throats. This constant throat size permitted the use 
of only one set of moving parts above the throat for all entrance 
tests, so that any change in flow, lifting force, or other perform- 
ance factors was caused by the changes of contour introduced 
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within the entrance 
piece and throat tube. 
The large diameter of 
the conical section of 
the throat tube was 
made equal to that of 
the inlet connection. 
As the over-all length 
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| and throat diameter of 
all the throat tubes 
were the same, an in- 
crease of the ratio of 
throat diameter to in- 


ENTRANCE 
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inside 
diameter, termed the 
“throat ratio,” not 
only reduced the 
amount of area reduc- 
tion at the converging section but also increased the length of the 
throat. 

Flow passages formed by boiler safety-valve nozzles were 
simulated by manufacturing a number of entrance tubes, most of 


Fig. 2. AssemBiy oF Turoat Tuspe let-connection 
2'/o-In. Tyre 1555, CONSOLIDATED 
SareTy VALVE 


(1'/s-in. rounded-surface entrance tube.) 


which were approximately the same length as commercial long- 
neck welding flanges of the same size used for boiler nozzles. 
However, in addition to a sharp-edged 90-deg turn for the 
entrance, as is common for boiler installations, a rounded-surface 
entrance construction, Fig. 2, was also used. 
made of both brass and steel. 


The tubes were 
A fine tool finish was machined 
on the inside surfaces except for those made of standard pipe. 
The outside diameter of the flange on all tubes was maintained 
constant so that they could be placed within the bolt cirele and 
clamped between the flanges of the safety-valve base and the 
several test mountings. Locating pins served to center the 
entrance tubes with the various throat tubes. 

The effect of throat ratio was investigated by varying the size 
of the inside diameter of the entrance tubes, which ranged from 
15/1, in. down to 1-in. standard pipe size. One series of tubes 
was manufactured with square-edged entrances to investigate 
flow conditions similar to present practice. A second series was 
manufactured with rounded-surface entrances. The radii of the 
rounded surfaces of this second series were made sufficiently 
large to eliminate entrance losses at the entrance-tube inlets. 
Several of the surfaces were generated with two radii to ap- 
proximate an ellipse, but in all cases the outside diameter of the 
lower end of the tubes was 2'/; in. or less which permitted them 
to be inserted into the mounting blocks. 

The radius of the rounded entrance was investigated to deter- 
mine how small a radius could be used without reducing the flow. 
A series of tubes having an inside diameter of 1'/s-in. was made 
with radii of the rounded surface varying from zero for the 
straight sharp-edged tube to a maximum of 1'/:-in. A circular 
are was chosen for the generating curve of this surface to facilitate 
the manufacture of the entrance tubes. 

All of the entrance tubes mentioned were made 9-in. long. 
One approved method of welding nozzles into boiler drums that 
is used at present permits the tube to project through the shell 
into the interior of the drum a short distance, which is relatively 
simple to manufacture. A few tubes of 12-in. length were made 
to determine whether this construction would produce an effect 
similar to a “Borda mouthpiece.” The lower end of these tubes 
projected into the interior of the pressure vessel. 

A flat circular plate, 3°/.-in. diam X '/:-in. thick, attached to 
the inlet end of a 1'/s-in-diam rounded-surface entrance tube 
by means of two slotted supports, was used to simulate possible 
restrictions to flow, Fig. 3. The distance from the upper surface 
of the plate to the lower end of the tube was adjustable from the 
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contact position to a value greater than the tube inside diameter. 
The plate outside diameter was limited by the 4-in. valve-mount- 
ing outlet of the 700-lb drum of the flowmeter installation. A 
similar arrangement was used with a sharp-edged entrance tube. 
During the tests it was found necessary to provide additional 
means of support to prevent the steam forcing the plate against 
the end of the tube at relatively high rates of flow and small gap 
distances. 

Pop tests were performed on No. 4 or No. 5 test drum, or on 
the test mounting of boiler No. 3 (3). No. 4 drum was approxi- 
mately 3 ft diam X 10 ft long, was designed for 700 lb pressure, 
and was provided with a 6-in. valve for mounting safety valves. 
Valves were set at pressures up to 1200 psi on boiler No. 3. A 
4-in. gate valve, which was open during tests, connecting piping 
directly from the boiler, and an adapter block formed the en- 
trance passage to the safety valve under test. A by-pass around 
the gate valve with a discharge connection to a returns tank, and 
the rate of firing (oil-fired) were used to control the pressure. The 
experimental models were first set for the desired pop pressure 
and the blowdown adjusted to within 4 per cent because access 
to the compression screw was prevented once the lift-measuring 
apparatus was attached. 

Disk lift was measured with a Tabor indicator which had a 
5:1 ratio of pencil movement to piston-rod movement; The 
indicator was supported above safety valve models by adapters 
on which it was mounted, and which carried setscrews to clamp 
the adapters to the top of the safety valves. A coupling screwed 
onto the upper end of the spindle together with '/s-in-diam 
connecting rods transmitted any disk motion to the indicator 
mechanism. 

If the capacity of the drum or boiler No. 3 was sufficient to 
hold the safety valve model open at the set pop pressure and the 
accumulated pressure, the lift measurement was taken with the 
safety valve discharging at the desired pressure. But for capacities 
toolarge tobesupplied by steady flow to the drums or by the boiler, 
the pop lift was recorded on the indicator at the instant of pop 
by imparting manually a reciprocating motion to the indicator 
drum. Accumulated lift was measured by holding the safety valve 
closed until the boiler or drum pressure reached 103 per cent of 
the gage popping pressure, then repeating the procedure used to 
record the pop lift. The closing pressure was observed on these 
tests to obtain the blowdown and also to determine whether the 
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TABLE 1 RESULTS OF TESTS 
SHarp-EpGep ENTRANCE TUBES 


1'/s 
0.889 
. 26 


Entrance tube diameter, in 

Throat ratio 

Lift, (maximum flow), in 

Meter pressure, psig 

Meter pressure, psia 

Calorimeter temperature, deg F 

Quality at meter, per cent 

Quality correction factor 

Pressure correction factor 

Range tube constant, lb per hr 

Meter reading, per cent 

Meter flow, lb per hr 

Calorimeter flow, lb per hr 

Valve flow, lb per hr 

Inlet pressure, psig 

Inlet pressure, psia 

Coefficient of discharge, Kp 
ROUNDED-SuRFAC 


Entrance tube diameter, in............. 
Throat ratio 

Rounded-surface radius, in 

Lift, (maximum flow), in 

Meter pressure, psig 

Meter pressure psia 

Calorimeter temperature, deg 

Quality at meter, per cent 

Quality correction factor 

Pressure correction factor 

Range tube constant, lb per hr 

Meter reading, per cent 

Meter flow, lb per hr 

Calorimeter flow, lb per hr 

Valve flow, lb per hr 

Inlet pressure, psig 

Inlet pressure, psia 

Throat diameter, in 

Coefficient discharge, KD............... 


blowdown changed as a result of the disk lifting higher at the 
accumulated pressure. Manual operation of the recording 
mechanism was also used to determine the disk-lift position from 
which the safety valve closed. 


RESULTS AND DIscUSSION 


If ideal entrance conditions prevail and there is no interference 
beyond the throat, the maximum rate of discharge is governed 
by the throat area and the initial state of the fluid. Interference, 
as used here, is defined as any condition in the diverging section 
that can prevent the development of maximum nozzle flow. 
One combination which had nearly ideal entrance conditions and 
a discharge coefficient, based on Napier’s rule® (4) of 1.01, was 
constructed with a long 10-deg wall-angle conical entrance of 
23/,-in. diam at the inlet end of the safety-valve-throat tube and 
a 1-in. diam at the junction with the throat of the tube. As the 
combination described likewise proved satisfactory with regard 
to lifting force and performance and developed practically full 
nozzle flow at a lift ratio* of 0.25, no material change was made 
in the shape of the diverging-flow passage beyond the throat of 
the model safety valve that would decrease the rate of flow during 
the series of entrance tests. On the basis of this test the 10-deg 
wall angle was incorporated in the construction of all throat tubes 
used to investigate entrance characteristics. 

Results of the throat-ratio tests are given in Table 1, which 
includes computed values for test points having the highest 
rate of flow for each combination. The coefficients of this table, 
based upon the throat diameter, are plotted in Fig. 4. The 
superiority of the rounded-surface entrance over the sharp- 
edged entrance is considerable at throat-ratio values near unity. 
It was assumed that both would have the same coefficient of 
1.01 for the example just cited. The coefficients for several of 
the rounded-surface tubes, which had large entrance radii, may 
have been low with respect to the curve owing to an arc length 
less than 90 deg. 

3 The maximum rate of flow of saturated steam through a nozzle 
is given approximately by Napier’s rule as W = PA/70, where W = 
rate of flow, lb per sec, P = initial absolute pressure, psi, and A = 


throat or minimum cross-sectional area, sq in. 
* Ratio of disk lift to throat diameter. 


1 1 
0.908 0.93 


1 1 1 1 1 
0.961 0.970 0.975 0.970 0 987 


The reduction of the value of the coefficient at approximately 
unit values of the throat ratio does not necessarily imply a de- 
crease of flow with respect to the inlet diameter. The results 
of the rounded-surface-entrance tests were also represented by 
plotting the capacity factor F, against the throat ratio, Fig. 5, 
where F’, was obtained by dividing the capacity at 0.25 lift ratio 
by the product of the absolute pressure P and the entrance tube 
diameter squared. These values are tabulated in Table 2 and 
were taken from capacity-lift curves of complete tests of eacl 
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(Upper curve: Rounded-surface entrance. Lower curve: Sharp-edged 
entrance.) 


throat ratio, rather than from the actual test points for 0.25 lift 
ratio. For this reason the capacities do not agree with the maxi- 
mum computed capacities of Table 1, where the apparent 
maximum occurred at 0.25 lift ratio. Curve 2 has been included 
to show the values that would be obtained if the coefficient of 
discharge remained constant at 1.01. It was assumed the two 
curves would coincide at a throat ratio of 0.421. This method 
of representing the results includes the coefficient-of-discharge 
factor and the entrance tube diameter. 

Results of the tests to determine the minimum radius of the 
rounded surface are given in Table 3; coefficients have been 
plotted in Fig. 6, which indicates that if the ratio of the radius 
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Curve 1 Fe = Kp X 51.43 X 0.785 K (Dr/Dkg)? 

Curve 2 Fe = 1.01 X 51.43 X 0.785 K (Dr/De)? 
Dg = entrance tube diameter, in. P = drum pressure, psia 
Dr = throat diameter, in. W = capacity, lb per hr 
Fo = capacity factor 


of curvature at the inlet end of the entrance tube diameter is 
kept at a value not less than 


no reduction of flow occurs owing to the shape and size of the 
entrance edge, A full 90-deg arc can be turned on the lower end 


TABLE 2 CAPACITY FACTOR AT 0.25 LIFT RATIO 


Capacity factor = 


Capacity taken from flow tests 75 


1 2 
Inlet Capacity, Throat Capacity Throat Capacity 
diam Dg Ww ratio, factor, ratio, factor, 
in. lb per hour Dr/Dg Fe Dr/De e 
1.049 8075 0.954 34.35 1.00 40.75 
1/3 8250 0.970 36.25 0.95 36.79 
1'/is 8225 0.941 34.05 0.90 33.00 
l'/s 8275 0.889 30.57 0.85 29.43 
1*/ie 8300 0.842 27.50 0.80 26.07 
1'/, 8350 0.800 24.97 0.75 22.95 
15/6 8475 0.762 23 0.70 19.97 


P was considered as 214 psia. 

Kp = 1.01 for column 6, then 

W = 1.01 X 51.43 X 0.785 “x (Dr/Dk)*? K De? X P 
40.75 (Dr/Dg)* Dg*P. 


of the entrance tubes to form the required entrance shape when 
a commercial long-neck welding flange is used for the boiler 
safety-valve nozzle as the wall thickness is greater than the 
rounded-surface radius. 

Test results of the 12-in. tubes showed no appreciable change 
in the rate of flow even though the lower ends of these longer 
tubes projected slightly below the inside surface of the straight- 
run section of a 6-in. tee which served as the original flowmeter 
drum, This factor therefore was ignored in all subsequent tests. 

Correct alignment of the conical converging passage at the 
valve inlet with the straight portion of the entrance tube is 
important. As the large diameter of the conical section is the 
same size as the straight tube diameter of the entrance tube, 
any eccentricity produces a sharp section projecting into the 
passageway which reduces the capacity. This effect was dis- 
covered accidentally when a 1-in. throat was assembled with a 
l'/-in. entrance tube. An inspection of the combination 
showed !/s. in. eccentricity of the two parts after test results 
indicated a flow less than what was expected. This was cor- 
rected by an accurate alignment of the two parts. The same 
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amount of eccentricity, for a combination having a smaller-diame- 
ter entrance tube and the same throat diameter, produced 
a greater disturbance as a result of higher velocities at the joint 
and a greater ratio of per cent reduction of area. 

An attempt was made to allow for eccentricity by making the 
large diameter of the conical section larger than the diameter of 
the entrance tube. But even with concentric alignment, the rate 
of flow decreased as the difference of the diameters increased. 
The sudden expansion followed by recompression apparently 
introduced a pressure loss that reduced the rate of flow. A con- 
struction somewhat similar was investigated by Stodola (5). 
A rounded entrance on the throat tube rather than a conical 
section would not improve this condition as a flat surface perpen- 
dicular to the high velocity would be introduced. However, 
decrease of flow, introduced by increasing the safety-valve inlet 
diameter, may be exaggerated as the differences determined by 
the tests are within the experimental limits of accuracy of the 
apparatus. 

The maximum capacity for a given inlet size may be computed 
by using the maximum value of the capacity factor of curve 1, 
Fig.5. However, throat ratios near unit value can produce poor 
safety-valve performance. If the pressure loss due to friction in 
the converging Section is sufficient to reduce the throat pressure to 
less than what it would be at the closing pressure for satisfactory 
performance, the safety valve will go into a chatter. 

Lift ratios of 0.25 probably cannot be maintained throughout 
a spring range for conditions like those just described. Therefore 
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Fig. 6 DiscHarGe COEFFICIENT aS AFFECTED BY RapDIUs OF 
RoOuUNDED-SuRFACE ENTRANCE 


Symbol Lift 
x 0.25 
0.26 
0.30 
A 0.35 


TABLE 3 OF DISCHARGE FOR RADII 
F ROUNDED-SURFACE ENTRANC 


throat, 1!/s-in. entrance, 9-in. ne 


: Coefficient 
Radius, Lift, Pressure, Flow, of discharge, 
in. in. psia Ib per hr Kp 
0 0.25 214.0 7814 0.905 
0 0.26 214.0 7824 0.906 
0 0.30 214.0 7824 0.906 
0 0.35 214.0 7814 0.905 
/y 0.25 213.9 8244 0.953 
1/5 0.26 213.9 8234 0.953 
/y 0.30 213.9 8224 0.952 
I/s 0.35 213.9 8224 0.952 
1/4 0.25 214.0 8344 0.965 
iy 0.26 214.0 8364 0.969 
we) 0.30 214.0 8394 0.971 
4 0.35 214.0 8364 0.969 
1/3 0.25 214.0 8314 0.963 
'/: 0.26 214.0 8284 0.959 
/: 0.30 214.0 8324 0.964 
/s 0.35 214.0 8344 0.965 
1 0.25 214.0 8284 0.959 
1 0.26 214.0 8284 0.959 
1 0.30 214.0 8324 0.964 
1 0.35 214.0 8344 0.965 
l'/; 0.25 213.9 8364 0.969 
1'/3 0.26 213.9 8344 0.965 
l/s: 0.30 213.9 8344 0.965 
0.35 213.9 0.965 
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the capacity factor for actual safety valves designed for large 
throat ratios would probably be much less than shown by curve 1 
in Fig. 5, at the upper end. The dotted curve may more nearly 
represent values of F, to be expected at throat ratios near unity. 
In consideration of these difficulties, the throat ratio should be 
as large as possible and yet less than that at which these troubles 
may occur. A maximum constant ratio of 1 to 1/3 (0.889) was 
used for all the tests that determined the minimum required 
rounded-surface radius and the effect of the flat-plate obstruction. 

The flat-plate test results, Table 4, were obtained by varying 
the clearance at the inlet end of the entrance tubes and also 
varying the disk lift for each setting of the plates. Capacities 
in per cent of maximum nozzle capacity, based upon the entrance 
tube inside diameter, were plotted against the ratio of plate 
clearance to the inside diameter, termed the plate-clearance ratio, 
Figs. 7and 8. Curves connecting equal lift values then represent 
the effect of the plate position on the amount of flow that h/ 
would normally occur through a constant-size orifice. {PLATE CLEARANCE RATIO 

For each rate of unrestricted flow, the plate must be at some i * 
minimum distance from the tube. This distance as a ratio is Fie. 7 Capacities DeveLopep Witn CircuLtar Fiat PLate at I 
represented roughly by the dashed straight line from the origin. EnTRANCE, SHARP-EpGep Entrance TuBeE 
Any condition to the left of this line represents a reduction of 
flow. Additional curves at increments of 5 percent maximum Pop tests on these safety valves were made at Bridgeport to set V 
nozzle flow have been located approximately among the experi- them for the proper opening pressure and amount of blowdown. t 
mental curves in this region. The advantage possessed by the Flow tests were performed at the Naval Boiler and Turbine 
rounded-surface over the sharp-edged entrance at equal plate Laboratory at the Philadelphia Navy Yard as a part of Navy 
distance ratios can be readily observed from the two graphs. acceptance-test requirements. The steam flow was measured 
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The results of these tests are not limited to safety valves but are by weighing the amount of feedwater, and the entire flow of steam V 
applicable to any steam flow entering a line from a vessel. was passed through the safety valve under test, all other outlets c 
To check the experimental results of the development program, being closed. t 
several 1'/;-in-size commercial safety valves were designed and The results of the test on the saturated-steam safety valve are r 
built, including 1'/;-in. entrance tubes to be adapted to larger-size given in Table 5. Although the lift ratio was only 0.242, a flow t 
mounting connections. A throat ratio of 0.90 was used, making — coefficient of 0.942 is comparable to those obtained during the de- G 
a throat diameter of 1.35 in. The minimum requirement of c 
0.222 for the entrance-radius ratio was satisfied. Design features TABLE 5 TEST OF 1!/:-IN. VALVE, PHILADELPHIA NAVY YARD 
determined by tests in the first part of the development program _ Boiler-nozzle size, in Lift ratio . 24: ‘ 
were applied to flow passages and moving parts of these safety ad 78: r 
valves. All flow passages from rounded entrance to discharge con- _—_‘_ Entrance radius ratio et Theoretical flow, lb per hr... . .46,426 r 
4 et Pop pressure, psig ‘ Discharge coefficient 0.942 
nection were formed similar to those of development safety valves. _ Blowdown, per cent 2. Capacity factor d 
r 
TABLE 4 CAPACITIES WITH FLAT PLATE AT ENTRANCE, LB PER HR h 
1.125-In-ID, SHarp-EpGep Entrance TuBeE, THroat DrAMETER = 1,000 IN. F 
Lift ratio...... eer 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 r 
Plate 1!/s in. from end of tube—Plate-clearante ratio = 1 
ow 1358 3075 4825 5965 6745 7095 7065 7065 
Per cent theoretical flow.. 13.3 30.2 47.4 58.7 66.3 69.7 69.4 69.4 r 
Plate 7/, in. from end of tube—Plate-clearance ratio = 0.777 : 
Valve flow 1365 3080 4805 5915 6705 7085 7085 7105 I 
Per cent theoretical flow. . 13.4 30.3 47.3 58.2 65.9 69.6 69.6 69.9 C 
Plate 5/s in. from -— of tube—Plate-clearance ratio = 0.555 
Valve flow 1363 3086 4805 5895 6705 7025 7025 7065 t 
Per cent theoretical flow.. 13.4 30.4 47.3 57.8 65.8 69 69 69. t 
Plate vas in. from end of tube—Plate-clearance ratio = 0.333 ‘ 
Valve flow 1363 3080 4745 5855 6565 6885 6865 6890 
Per cent theoretical flow. . 13.4 30.3 46.6 57.7 64.6 a 7 67.5 67. 
Plate ‘es in. from end of tube—Plate-clearance ratio = 0.222 t 
Valve flow 1365 3085 4725 5635 6285 6525 6535 6525 f 
Per cent theoretical flow.. 13.4 30.3 46.4 55.3 61.8 “‘? 2 64.3 64.2 
Plate !/s in. from end of tube—Plate-clearance ratio = 0.11 c 
Valve flow 1365 2755 4225 4915 5205 5185 5205 5205 
Per cent theoretical flow. . 13.4 27.2 41.5 48.3 §1.2 51 51.2 51.2 
-125-1n-ID, RovunpEp-SuRFACE ENTRANCE TuBE, THROAT DIAMETER = 1.000 IN. 
Lift ratio, in 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 r 
Plate pad in. from end of tube—Plate-clearance ratio = 1 f 
Valve flow 1367 3090 4865 6135 6965 7467 7500 7480 
Per cent theoretical flow.. 13.4 30.4 47.8 60.2 68.5 73. 73.6 73.5 I 
Plate “es in. from end of tube—Plate-clearance ratio = 0.777 
Valve flow 1615 3266 5006 6256 7206 7586 7586 7516 
Per cent theoretical flow. . 15.8 32 49.1 61.5 70,7 74. 74. 73.8 i 
Plate 5/s in. from end of tube—Plate-clearance ratio = 0.555 
ow 1616 3166 4916 6156 = 7426 7421 7441 t 
Per cent theoretical flow. . 15.8 31 48.3 60.5 69.0 72.9 72. 73. 
Plate 3/s in. from end of tube—Plate-clearance ratio = 0.333 F 
Valve flow 1618 3301 4976 6161 6986 7386 7371 7366 I 
Per cent theoretical flow. . 15.8 32.4 48.8 60.5 68.5 72.5 72. 72. 
Plate 1/, in. from end of tube—Plate-clearance ratio = 0.222 C 
Valve flow 1600 3170 4875 6015 6780 7175 7185 C 
Per cent theoretical flow. . 15.7 31.1 47.9 59.0 66.5 70.4 70. 
Plate a? in. from end of tube—Plate-clearance ratio = 0.111 1 


Valve flow 1595 3030 4255 4855 
Per cent theoretical flow... 15.6 29.7 41.7 47.6 
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velopment work. The capacity factor also is reasonably close to 
the curve in Fig. 5. 


CONCLUSIONS 


Although the coefficient of discharge for commercial safety 
valves must be based upon the throat diameter, which is held to 
close tolerances, the coefficient alone is not suitable asa criterion of 
the orifice efficiency when a high rate of discharge is required with 
respect to the size of the boiler nozzle. Rather the inside diame- 
ter of the boiler nozzle itself must also be used as a measure 
of the amount of flow. Both of these factors are included in the 
capacity-factor value represented in Fig. 5. 

Boiler Code rules permit the throat diameter to be as large 
as the tube diameter used for the boiler nozzle, that is, a throat 
ratio of unity. But as the throat ratio is increased, a point is 
reached at which an actual safety-valve design does not have the 
desirable popping and reseating characteristics, and the high lift 
ratio is not maintained. As a result, the capacity factor may 
have & maximum value; performance at and near this value is 
poor so that the maximum area allowable by the code is not 
realized in the actual safety valve. 

However, even with more conservative values of the throat 
ratio and correspondingly lower capacity factors, the results 
indicate that certain precautions in fabrication and assembly 
of the converging section of the flow passage must be exercised 
to realize the expected high capacities. Concentricity between 
the boiler nozzle and the throat tube must be maintained. 

Projection of the boiler nozzle into the drum is not objectiona- 
ble so long as no object near the entrance interferes with the 
flow. For a welded assembly, the approach of fluid, perpen- 
dicular to the nozzle axis and toward the outside circumference 
of the rounded entrance, is less apt to be interfered with when the 
nozzle does project into the drum than when the outside edge is 
flush with the inside surface of the drum, owing to rough welding 
metal around the end of the nozzle. 

The greatest reduction of cross-sectional area of the flow 
passage is made to occur at the lower end of the nozzle. In order 
to reduce entrance losses to a minimum and secure high ca- 
pacities, a minimum value of the rounded-surface radius ratio 
must also be maintained. This surface, of which the longitudinal 
crosssection is a full 90-deg arc, normally can be formed entirely 
on present commercial tubes and welding flanges, in particu- 
lar on those for the higher pressures. If the cross section is not 
circular, the surface must still possess a gradual curvature. 
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Otherwise, additional entrance losses are introduced (6). Conical 
surfaces are not desirable at this location for this reason. 

Surfaces of equipment entirely within the drum should not be 
placed too near the safety-valve inlet. The minimum distance 
is governed by the boiler nozzle diameter and the amount of 
flow. The effect of the flat-plate obstruction, although perhaps 
not typical of objects located within the steam drum near the 
safety-valve nozzle, provides a guide as to the amount of re- 
duction to be expected. Present marine-boiler construction 
practice places equipment within the drum near the inlet to the 
safety-valve nozzle that, if close enough, can materially alter the 
ideal approach flow pattern. 

In some installations, welding rings are used inside the boiler- 
safety-valve nozzle to weld the nozzle into the drum. This 
practice would affect seriously the entire performance of the new 
design and could not be permitted. 

Greater capacities than in the majority of the top-guided-type 
safety valves installed at present are possible if these precautions 
are taken. At present the exercise of these precautions is not 
entirely within the control of the safety-valve manufacturer. 
Even if the ideal boiler-safety-valve nozzle were tobe supplied with 
the safety valve by the safety-valve manufacturer, satisfactory 
performance would not be assured unless they were installed with 
the foregoing precautions being taken. New or revised Boiler 
Code rules covering the installation of maximum-capacity safety 
valves may be essential. It is suggested that the following items 
be considered in establishing new code rules for high-capacity 
safety valves: 


1 Welding rings should be prohibited in the boiler-safety- 
valve nozzle. 

2 Rounded-surface entrances are requisite. 

3 Welding metal should not interfere with flow at the outside 
edge of the entrance surface. 

4 Minimum distances from the entrance to other surfaces 
should be specified. 
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Discussion 


James L. Corcoran.’ The research work which Dr. Falls has 
described is worthy of discussion as to its significance to the users 
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of safety valves. The principles of design for maximum flow 
through the valve inlet fitting mean a greater utilization of the 
possible theoretical flow than has been the practice. This may 
mean, for one thing, the use of smaller diameters of fittings, and 
safety-valve inlets to match. The connection sizes may be re- 
duced by at least one size and possibly more when compared 
with present-day practice. In this case, even considering the 
machining of a rounded entrance, there will very likely be a saving 
over present practice. 

Secondly, the possibility of maximum flow through the valve 
inlet may be utilized with mounting connections of sizes com- 
parable to present practice, in which case the capacity of one 
valve may be sufficient to take the place of several valves under 
present ratings. This of course will be dependent on con- 
siderations as to operating conditions, etc., which would be af- 
fected by valves of higher capacity than those now in use. The 
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ultimate solution to this question may depend on investigation 
along the lines of this work. 

As Dr. Falls has stated, certain field tests have been conducted, 
using the principles set forth in the discussion. The conclusive 
answer to the question of maximum capacity will depend upon 
further work along these lines. 

There is a question which might arise in regard to Dr. Falls’s 
discussion, namely, that of the mounting of superheater valves. 

It might be well to add that in connection with the field tests, 
a service test of a superheater valve built to the entrance speci- 
fications outlined by Dr. Falls was made. The valve performed 
satisfactorily both as to operation and capacity, though there 
were two sharp 90-deg bends ahead of the valve inlet. There 
would therefore not seem to be any difficulty in the way of 
mounting of superheater valves, in which case the practice is 
different from that of drum-valve mountings. 
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10,000-Kw Railway-Mounted Mobile Steam 
Power Plant for U. S. Navy Department, 
Bureau of Yards and Docks 


By EDWIN LUNDGREN! AND L. R. BIGGS? 


Well-established practice was followed in the design of 
equipment for the two mobile power plants so far con- 
structed, within the limitations of railway clearances 
and need for increased ruggedness to meet road condi- 
tions. The units are intended for purposes of the Navy 
Department at stations on the East and West Coasts, 
wherever a breakdown in power supply or increased power 
demand occurs, where naval work is involved. Details 
are given of the six-car power plant which includes a boiler 
car, turbine car, switchgear car, transformer car, gondola 
car mounting auxiliary equipment, and a box car also 
containing pumps and miscellaneous equipment. A 
comprehensive description is given of the main steam 
generator, the turbogenerator equipment, and all auxilia- 
ries. 


N the early part of 1940, the Bureau of Yards and Docks of 
the Navy Department investigated the possibilities of 
mobile power plants as a desirable part of the defense pro- 

gram for its various activities at the mavy yards and naval sta- 
tions. Hull-mounted plants were considered for sea transporta- 
tion, and railway-mounted plants for land transportation. 

The value of such plants, which would be located at strategic 
points for rapid transport, is self-evident. They could be moved 
to any location where a serious breakdown in power supply 
occurred or where a sudden demand for increased generating 
capacity was desired in important navy yards or naval stations. 

Since this time, the recognition of the general idea has resulted 
in the construction of mobile power plants on barges and special 
trucks, and in the construction of a number of railway-mounted 
power plants for shipment to our Allies, particularly the Russians. 

The Navy Department decided to build two railway-mounted 
mobile power plants each of 10,000-kw capacity, one unit to be 
stationed on the West Coast and one on the East Coast. A 
contract was authorized by the Secretary of the Navy, and the 
order placed with the General Electric Company for the equip- 
ment; the design to be under the general supervision of the 
Bureau of Yards and Docks and its Chief, Vice-Admiral B. 
Moreell, and the head of the Power Division, Capt. L. W. Bates. 

The general plan was to follow well-established power-plant 
designs with well-tried commercial equipment and work toward 
dependability rather than high efficiency. Of main technical 
interest is the adaptation of this equipment within the narrow 
confines of the clearance limits of standard-gage railway systems. 
The principal dimension of a railroad car is its length; therefore, 


1 Senior Mechanical Engineer, Bureau of Yards and Docks, Navy 
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the ordinarily square dimensions of a power plant had to be 
changed to a status of small height and width and great length. 

Investigation of the routing from a central point to some 35 
locations in various parts of the United States connected by the 
major railroads showed that a car width of 10 ft 15/, in., and a 
height above rail of 15 ft 3 in. must not be exceeded. 

Particular problems such as supporting the boiler, the tur- 
bine generator, the condenser, and auxiliaries were encountered 
and solved in a satisfactory manner. Distribution of the load 
uniformly on the axles to conform to the requirements of the rail- 
road companies, maintaining clearance for minimum-radius 
curves, and keeping the center of gravity down to prevent over- 
turning were some of the things that had to be considered. 

Certain special designs were required for the main equipment 
to meet these limitations, the turbine exhausting horizontally to 
a special design of vertical condenser, and the boiler design 
being of the straight-through type as influenced by the limiting 
clearance dimensions. Fig. 1 shows the dimensions of the 
various cars. 

A capacity of 10,000-kw for the plant was chosen from the 
viewpoint of desirable vital emergency requirements of many of 
the naval activities, and the approximate maximum size of com- 
mercial turbine equipment that could be installed within the 
clearance limits of the turbine car. 


Six Cars Make Up Power 
The power plant is made up of six cars as follows: 


1 Boiler car containing the main steam boiler, the boiler feed 
pumps, forced-draft fan, deaerating heater, fuel tank and pumps, 
air compressors, water tank, and auxiliary boiler. Complete 
arrangement is shown in Fig. 2. 

2 Turbine car (Fig. 3) containing the main turbine, generator, 
condenser, evaporator, 350-kw auxiliary generator, water-chilling 
equipment, lubricating-oil tank, surge protectors, and neutral 
pyranol reactor. 

3 Switchgear car (Fig. 4) containing main and auxiliary 
switching equipment, 50-kw Diesel-engine generator, exciter set, 
storage battery, chemical laboratory, and cable reels. 

4 Transformer car (Fig. 5) containing the 12,500-kva trans- 
former, gas-sealing equipment, and cable reels. 

5 Gondola car (Fig. 6) containing the circulating-water pump 
and motor, the strainers and suction hose, the hose for con- 
necting up the circulating water, and the fuel-oil piping system. 

6 Boxcar (Fig. 7) containing raw-water pump and hose, 
fuel-oil transfer pumps, oil hose, air-conditioning equipment, 
workbench and lockers, wrenches, and electrical jumper cables. 


These six cars occupy a track length of approximately 386 
ft. The length of the train in transit with additional cars, such 
as caboose, oil car, locomotive, etc., is approximately 634 ft. 
The train is designed for a speed of 40 mph maximum and for 
curves of 20 deg maximum, for the whole or unbroken train. 
Minimum-radius curve, 150 ft, requires special individual han- 
dling of the boiler car and the turbine car. 
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DIMENSIONS WEIGHTS AND 
CLEARANCE DIAGRAMS 
be 
Fig. 1 CLEARANCE DIAGRAMS, WEIGHTS AND LENGTH OF TRAIN 
= r | . — 
= == 
= j 
1 
SECTION & a 
Fic. 2. Location or EQuIPMENT IN BoILER CAR 
The boiler, turbine, switchgear, and transformer cars are of CONSTRUCTION OF BOILER AND TURBINE Cars 
special design while the gondola and boxcars are of standard The boiler and turbine cars are of special interest. The 


make. The boiler car complete with equipment weighs ap- 
proximately 450,000 lb and is supported on eight axles. The 
over-all length from coupler to coupler is 89 ft 41/2in. The tur- 
bine car weighs approximately 550,000 lb, has four axles on one 
end and six on the other, making a total of ten. The over-all 
length is 86 ft. The turbine car was designed with more axles on 
one end than the other because of the concentrated load of the 
generator which is inherent in such a piece of equipment. The 
switchgear car weighs approximately 160,000 lb, has an over-all 
length of 63 ft 6 in. and four axles. The transformer car weighs 
approximately 200,000 lb, has an over-all length of 56 ft 5 in. and 
also four axles. 


horizontal members forming the top and bottom chords of the 
side frame trusses were made by taking a wide-flange beam 0! 
large section and removing part of the web by slitting wit! 
acetylene torches then rewelding to obtain the desired section 
Increased stability in the horizontal direction was thus obtained 
from the wider flanges and the inside clearance was kept to 4 
maximum. The truss-web members of the cars were built from 
H-sections welded into place. 

Both cars have a welded underframe supported from the lower 
chord. This is composed of H-sections and is trussed to increase 
the horizontal stability. Owing to the fact that the equipmen! 
occupies all of the space inside the framing, no cross bracins 
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Name of "arts 


No. 48-M Climate Changer’ for Boiler Car 
No. 48-M Climate Changer for Turbine Cer 
No. 30-M Climate Changer 

Ladder to Walkway on Turbine Car 

Piping for Relief Velves on Boiler 
Connection Hose Between Cerrs to be Stored 
Fire Hose Reel with £00 Feet of dose 

Rack for Hose Wnich is Used Outside - Long Leneths 
Connection for Exhaust Steam Between Cars 
Connection for High Pressure Steam Between Cars 
Discharge Duct for No. 30-M Climate Changer 
Discharge Duct for No, 48-M Climate Changer 
Toilet Cans for Boiler and Switchgear Cars 
Suction Strainer on Circulating Water 

Work Bench 


on Rack 


Fie. 7 


could be used where most effective, therefore the bottom and 
roof had to be utilized. The car bolsters were fabricated and 
welded from plate sections and then annealed before welding into 
the car framing. The work was done by the Greenville Steel 
Car Company. Tolerances were kept to +*/s in. 

The problem of designing the cars so that equipment could 
be placed in them and later removed if necessary was solved 
by making the roof removable and bolting the side plates into 
place. Some details are shown in Figs. 8 and 9. Supporting 
structures and equipment were designed to stand a loading of 
2'/, times gravity in the horizontal direction along the rails 
and 1 times gravity in the vertical direction. The wheel loading 
was limited to 55,000 lb per axle; the center of gravity in the ver- 
tical direction was kept to approximately 82 in. above the rail. 

Owing to the length of the boiler and turbine cars, it was 
necessary to place the draft gear in the end of the span bolster 


Turbine Depar@ment Tool Box 

Cable Reels 

Cabinet 

Transfer O11 Pump 

Relief Valves on Botler 

Soot Blowers 

Locker 

Spare Toilet Can 

High Voltage Feeder Cebles - Junction Box 

Junction Box Supports 

Drums for Chemicals 

Walkway on Turbine Car 

Forty 3/4-in. Diameter - 7 Feet Long - Grounding Rods 
Box for Bolts and Nuts on Circulating Water Hose 
Spare Basket for Andale Strainer on Circulating Water Suoetion 


LocaTION OF EquipMENT IN BoxcaR 


which connected the two sets of wheels together, instead of the 
standard practice of placing it in the car frame. This gave in 
effect two short cars upon which the body of the main structure 
was placed. As the bolsters were required to hold a tremendous 
weight, each casting was magnafluxed and X-rayed, then proof- 
tested by loading to 1'/, times the weight to be carried. The 
work was done at the plant of the Buckeye Steel Castings Com- 
pany. Fig. 10 shows one of the 6-wheel trucks. Fig. 11 shows 
the completed boiler car and Fig. 12, the turbine car. 

Brakes were of the Westinghouse “AB” type and all of the 
necessary equipment was mounted on the trucks thus making 
two sets of brakes for each car. Braking was designed for ap- 
proximately 25 per cent. 

The side plates on the turbine car were provided with ribs as 
an insurance against high-frequency vibration. The ribs were 
made by pressing ridges into the plate. 
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Fie. 12 Tursine Car Reavy FoR TRANSPORTATION 


The roof of the three main power-plant cars was insulated 
with approximately 4 in. of “stonefelt’’ and the side plates with 
a layer of asbestos millboard. The latter was done principally 
to avoid excessive condensation during cold weather. 

The switchgear car was of conventional riveted construction 
with the draft gear located in the center sills. 


SreaM-GENERATOR DETAILS 


One Babcock and Wilcox natural-circulation boiler supplies 
the steam required to operate the power plant. This boiler is 
necessarily compact to meet the stringent space conditions im- 
posed by railroad clearances. The designed full power condition 
is 120,000 lb of steam per boiler per hour at 560 psi pressure 
and 825 F total temperature at the superheater outlet; when 
generating 10,000 kw. The boiler design pressure is 650 psi and 
the feed temperature to the economizer is 220 F. One hundred 
thousand pounds of steam per hour passes to the main turbine, 


the remaining 20,000 lb of steam per hour, desuperheated to 
650 F in a pipe coil submerged below the water level in the main 
steam drum, is used for such auxiliary equipment as the forced- 
draft blower, feedwater pumps, and the oil-pump turbine The 
maximum, designed, continuous output of the unit is 140,000 Ib 
of steam per hour. 

The arrangement of the boiler and its component parts is shown 
in Figs. 13, 14, 15, and 16. 

The furnace is practically completely water-cooled to insure 
long life at the extremely high combustion rate of 416,000 Btu 
per cu ft of furnace volume at full power when delivering a total 
of 120,000 lb of steam per hour. The side walls and a portion 
of the roof of the furnace are of Babcock and Wilcox stud-tube 
construction with plastic chrome ore rammed between the studs. 
Note the crossed stud tubes in the roof arranged to protect the 
steam drum. Water cooling is provided at either side of the front 
wall by stud tubes. The water screen is at the rear of the 
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furnace. The only noncooled surfaces in the furnace are in the 
zone of the burners in the front wall and the floor. 

In order to insure satisfactory combustion conditions at the 
extremely high rates of operation in the relatively cold furnace, 
heated combustion air is supplied to the burners. The air, 
delivered by the forced-draft fans, passes through the air ducts 
and over banks of finned-tube downcomers extending between 
the steam drum and the waterwall headers. The air is heated 
to 320 F at the full power rate of operation, and approximately 
400 F at 2500 kw by the water at saturation temperature entering 
these downcomers. We believe that this is the first applica- 
tion of the finned-tube downcomer type of air heater in boiler 
work. 

Steam mechanical atomization is employed, using five Bab- 
cock and Wilcox Iowa type oil burners, to assure satisfactory com- 
bustion conditions in the cold furnace especially at the low rates 
of operation, and to provide wide-range burner operation, which 
is desirable when full-automatic control is used, without changing 
sprayer plates from 2500 kw to the overload rate of operation. 
The range of operation of the burners is from 510 lb of oil per 
burner per hour, corresponding to 15 psi oil pressure, to 2530 lb 
of oil per burner per hour corresponding to 240 psi oil pressure. 
The steam is supplied to the burners at all oil pressures up to 
100 psi with the steam pressure approximately 20 psi higher than 
the oil pressure. Straight mechanical atomization is used above 
100 psi oil pressure. Number 6 fuel oil, Bunker “C,”’ is used 
under all operating conditions except when lighting off under the 
cold condition when Diesel or No. 3 oil is used. An electric- 
driven fuel-oil pump of 2 gpm capacity is used for this purpose. 

The boiler is so arranged that the combustion gases flow hori- 
zontally, parallel to the steam drum, through a nine-row water 
screen, consisting of four rows of widely spaced tubes and five 
rows of closely spaced tubes, before the superheater. The gases 


then flow through the convection-type superheater (537 sq ft) 
and the boiler convection bank and the stud-tube economizer 
(1772 sq ft) to the stack. The boiler heating surface is 3195 
sq ft. 

In addition to the circulation provided by the finned-tube 
downcomer air heaters, circulators are placed in the front wall 


and the boiler convection bank behind the superheater. Boxes, 
formed by stud-plated boiler tubes, shield the boiler-convection- 
bank downcomers from direct impingement of the gases of com- 
bustion. 

Dry steam is assured by the installation of 18 Babcock and 
Wilcox cyclone separators in the 42-in. steam drum. 

The entire boiler is suspended from the steam drum. The 
weight of the boiler is carried to the side trusses of the car by 
trunnions fitted over the ends of the steam drum. The trunnion 
at the front is securely anchored to take the entire buffer action 
of the boiler when the car is stopped and started. The trunnion 
at the rear supports the drum but allows it to slide in a fore and 
aft direction to provide for expansion. Provision is made to 
allow the heating surfaces to expand downward. The front ends 
of the side wall headers are anchored to take the buffer action. 

Combustion air is supplied by forced-draft fans, no induced 
draft is provided, so that all of the boiler is under gas pressure 
relative to the surrounding atmosphere. Except for the closely 
bolted, gasketed panels for access to the superheater and econo- 
mizer headers and tubes and waterwall headers, the boiler 
casings are entirely welded to prevent gas leakage. 

The equipment for providing air for combustion consists of 
two forced-draft blowers operating in parallel on the same shaft, 
driven by a steam turbine. They are designed to deliver a total 
of 56,000 cfm of air against a static pressure of 55in. The blower 
rotors, made of an aluminum alloy, are mounted as an overhung 
structure on the shaft extension of the turbine. The turbine is 


149 


rated at 740 hp, at 3000 rpm; is supplied with desuperheated 
steam of 530 psi pressure, 650 F; and operates at 5 psi back 
pressure. When starting the plant, the blower can be operated 
at 820 rpm from a 15-hp, 1200-rpm, 440-v induction motor, con- 
nected through gearing to the turbine shaft. The special tur- 
bine was built by the General Electric Co. and the rotors, hous- 
ing, and base were built and the complete unit assemled at the 
shops of the Buffalo Forge Co. Five rotors were made and one 
was tested by overspeeding successfully to 5000 rpm. 


MAIN AND AUXILIARY Pumps AND Heat EXCHANGERS 


The main fuel-oil pumps consist of two Quimby gear-driven 
pumps, one motor- and one steam-driven. Each has a capacity 
of 35 gpm delivering oil at 350 psi at 1150 rpm. The turbine- 
driven pump is mounted over two Lummus Company high-pres- 
sure heaters having a capacity of heating 15,000 lb perhrof bunker 
C fuel oil from 120 deg to 204 deg F. The shell side of the heater 
is designed for 350 psi operating pressure. Steam at 5 psi is 
used for heating. The fuel-oil pumps take oil from the bunker 
C oil tank located at one end of the car, the oil passing through a 
Lummus suction heater preheating the oil from 80 deg F to 140 
deg F. 

The boiler car also contains the Cochrane deaerating heater, 
having a capacity of 140,000 lb per hr. The oxygen content in 
the heated water does not exceed 0.01 ce per 1 at maximum ca- 
pacity. The heater is of the spray type, the steam supply being 
at 5 psi. All water passing to the heater first goes through the 
continuous-blowdown heat exchanger. Water level is controlled 
by two float valves, one in the supply line from the distilled- 
water tank which is operated by the low-level float, and the other 
in the line from the condenser hot-well pump which is connected 
to the high-level float. With the evaporator in service, some 
water is always discharged to the distilled-water tank through the 
spring-loaded valve located in the condensate-return line. 

The feedwater pumping equipment consists of two 356 gpm 
Ingersoll-Rand booster pumps each driven by a 15-hp 1750-rpm 
motor. The pumps operate with a positive suction head of 4 ft 
against a total head of 90 ft. These pumps discharge into two 
Ingersoll-Rand boiler feed pumps operating against a total head 
of 1793 ft with a suction head of 70 ft. The pumps operate at 
5000 rpm and are driven by 290-hp turbines, actually requiring 
270 bhp. 

The telescoping smokestack, 3 ft 10 in. diam, can be raised to 
a height of approximately 34 ft above the rails when the boiler 
car is in service. During transit of the car and when secured, 
the telescoping sections are lowered below the clearance line of the 
car. 

Other major equipment in the boiler car is the Vapor Clarkson 
recirculating-type steam boiler, manufactured by Vapor-Car 
Heating Company and used to provide initial steam for fuel- 
oil heating, heating the train, and for supplying steam for oil 
atomization at the main boiler when the plant is started in oper- 
ation. It is a forced-circulation water-tube-(coil) type boiler, 
oil-fired with electric ignition, and is designed and equipped to 
operate automatically either for intermittent or continuous oper- 
ation. Steam generation is almost immediate upon starting. 
Full steam-generating capacity is reached within 4 to 5 min 
from a cold start. Maximum evaporation is 1800 lb of water 
per hr at 240 psi, distilled or condensate water being used. 
Light fuel oil is used in the forced-draft burner. 

Two air compressors and three air tanks are installed to supply 
the compressed air for the operation of various controls in the 
boiler, turbine, and switchgear cars, and for use in blowing out 
various pipe lines when the plant is secured. Each compressor 
is rated at 52 cfm and operates at 100 psi pressure. Two Milton- 
Roy chemical pumps and a chemical tank are installed to supply 
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the chemical treatment of the boiler water at the boiler drum. 
The main boiler control board and two auxiliary boards for elec- 
trical control are also installed in this car. Water-sampling 
cooler and two 150-gpm motor-driven distilled-water pumps and 
the distilled-water tank are also included. A complete diagram 
showing the steam, water, and fuel-oil piping is shown in Fig. 17. 


PowrEr-GENERATING EQUIPMENT 


The main power-generating unit consists of a 10,000-kw, 14- 
stage, 3600-rpm turbine, connected to a 12,500-kva, 13,800-v, 
three-phase, Y-connected, 60-cycle generator of General Electric 
Company standard type. Operating conditions for the turbine 
are 550 psi 825 deg FTT at the throttle, and 3 in. mercury abs 


Fie. 14 ARRANGEMENT 


back pressure at the exhaust outlet. It is of the single-cylinder 
design having 14 stages; the first stage being of double-row con- 
struction, the remaining 13 stages of single-row construction. 
The exhaust shell of this standard turbine is modified for hor- 
izontal discharge to accommodate the vertical condenser. For 
easy starting and to insure even cooling of the rotor, the turbine 
is equipped with a motor-driven turning gear and oil pump. 
The turbine is protected from overspeeding by an emergency 
governor and two trip valves. One of these trip valves operates 
through the hydraulic control mechanism to close the control 
valves, while the other functions to dump the oil from the operat- 
ing cylinder of the stop valve, thereby closing this valve. Fig. 18 
shows a cross section of the main turbine, and Figs. 19 and 20, a 
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cross section and end view, respectively, of the main generator. 

The unit differs from the usual design in that the steam flow 
in the turbine is away from the generator instead of toward it. 
The turbine is connected to the generator frame through a ball- 
and-socket connection to allow the outboard or exhaust end to be 
adjusted to correct any misalignment of the shaft. There are 
three main bearings, two of which are supported by the gen- 
erator frame and a third in the exhaust shell. The thrust 
bearing is a part of the middle bearing and is designed to take 
the buffer thrust of the rotor while in transporation. 
is toward the condenser, and a copper expansion joint is placed 
between the exhaust shell and the condenser inlet. Lack of 
space and complications of piping prevented the use of extraction 
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heating. The generator stator is anchored securely to the side 
frames of the car by body bound bolts and by welded chocks. 
The generator is air-cooled and is equipped with finned surface 
air coolers supplied with water from a circulating system. 

The control of the turbine can be carried out almost entirely from 
the operating room inside the car. The mechanical and electrical 
control boards are located in this space. Pistol-grip type SB1 
switches for control from the operating panel with light indication 
are provided for testing the emergency stop valve and for tripping 
the emergency oil trip valves, for tripping the emergency stop 
valve alone, and for resetting the oil trips. Control from the 
operating panel is provided for the motor-operated speed gover- 
nor to permit synchronizing and for operation of the main steam- 
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Fie. 16 Secrionat Vinws as INDICATED IN 14 


control valves functioning through the auxiliary pilot valve. 
The mechanism which operates the turbine load-control valve 
can be operated at the turbine by hand or remote operation 
electrically at the control board in the turbine-operating room, 
or through transfer switches from the switchgear car. Selsyn 
indication on the control panel indicates the position of the 
valve and also indicates the load which is being carried. An 
electric tachometer is provided for use in indicating turbine speed 
for the warming-up cycle. Several other valves can be operated 
from the turbine room, such as live-steam supply valve for seal- 
ing high-pressure packing during starting, packing leak-off valve, 
above-seat and below-seat stop-valve drains, high-pressure water 
packing feed and drain valves. and low-pressure water packing 
feed valve. Control of the synchronizing motor is ordinarily 
switched to the generator board in the switchgear car from which 
the unit is synchronized. Fig. 21 shows the location of the con- 
trolling mechanism for the 10,000-kw turbine. 

Other equipment installed in the turbine car includes the 


following items: The evaporator for make-up water which is of 
the single-stage type using steam in the coil at 5 psi and ex- 
hausting at approximately 25 in. of mercury vacuum on the 
vapor side. A total of 7000 lb of raw water per hr can be evapo- 
rated. The vapor is condensed in the main condenser and is 
pumped back with the the general condensate. The Lummus 
Company steam-jet refrigerating unit, operating with two booster 
jets, has a capacity of 70 tons per hr. The chilled water is de- 
livered at approximately 50 deg by a 180-gpm pump to the 
air-conditioning units on the boiler and turbine cars. The air- 
conditioning units are standard demountable types as manu- 
factured by the Trane Company, and when in service are bolted 
to the roof of the cars. The units are also arranged for heating 
the ventilating air for winter service. Air conditioning was pro- 
vided to make the plants suitable for operation in all kinds of 
climates from 110 F, to many degrees below zero; also for 
operating in bombproof or splinterproof shelters. 

The condenser is designed for condensation of 112,000 lb per hr 
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Fie. 18 Cross Section or Main TuRBINB 


Fig. 19 Cross Srcrion or Main GENERATOR Fie. 20 Enp View or Main GENERATOR 
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steam with 70-deg F circulating water requiring 6420 gpm, de- 
sign pressure 3 in. Hgabs. Approximately 4230 aluminum-brass 
tubes */, in. diam 18 Bwg, 9 ft 2'/2 in. long are rolled at both 
ends in Muntz-metal tube sheets. The total effective tube 
surface is 7300 sq ft. There are four passes for the circulating 
water. Flanges for connecting the circulating-water line are 
provided on each side of the condenser to suit inlet and dis- 
charge requirements on the actual site where the plant is oper- 
ating. The hot well is located at the steam-entrance end of the 
condenser. Fig. 22 shows a séction and plan view of the con- 
denser. 


SreaM-DrIVEN AUXILIARY GENERATOR SET 


The steam-driven auxiliary set consists of a 350-kw, 0.8-pf, 
5645-rpm steam turbine, and a 1200-rpm generator with a 125-v 
direct-connected exciter. The set is rated 350 kw at normal 
steam conditions of 550 psi, 825 deg F total temperature at 
the throttle, and 3 in. abs back pressure at the turbine-exhaust 
flange. This set primarily furnishes power for the circulating- 
water pump when the plant is started in operation at any par- 
ticular location. The set will also carry 275 kw with steam 
conditions of 550 psi, 825 deg F total temperature, 0 psi back 
pressure for operation of the pump until vacuum is established 
in the main condenser and the turbine can be shifted to con- 
densing operation. 

In addition, the turbine car also carries the evaporator blow- 
off pump, condensate drip pump, all auxiliaries for the con- 
denser, such as air ejectors with inter- and after-coolers, two ver- 
tical condensate pumps, salt-water booster pump supplying 
cooling water to generator air coolers, turbine oil cooler, and 
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distilled-water cooler for bearing oil. The main turbine oil 
tank also included has a capacity of 800 gal. 


oF SWITCHGEAR CaR 


The switchgear car is shown in Fig. 23. In this car is located 
the 13,800-v switchgear, consisting of a single oil circuit breaker 
of the vertical-lift removable type, rated 15,000-v,1200-amp, 500- 
mva interrupting capacity. Here also are the control panels for 
the 10,000-kw turbine and generator, including such equipment 
as exciter-field rheostat, potential transformers, field switch, and 
voltage regulator. A 450-kva 13,800/480-v auxiliary power 
transformer for use after the plant is in operation is installed. 
The 50-kw exciter set for the main generator, and the 50-kw Die- 
sel-engine generator set are included in this car. The 50-kw 
0.8-pf, 60-cycle-480-v-1200-rpm Cummins Diesel-engine gen- 
erator set is used when starting up the plant from a cold con- 
dition. This auxiliary power, as previously mentioned, is used 
for the starting oil pump, starting of the combustion blower, 
minor pumps, etc. The 350-kw steam-turbine generator set 
can later be synchronized with this Diesel set. 

Electric power for starting up the plant can be obtained from 
three sources: 

1 Shore power of 480 v where available can be plugged into 
the auxiliary bus. 

2 Power of 13,800 v can be fed back from the substation 
through the transformer car into the switchgear car and stepped 
down to 480 v by the 450-kva auxiliary transformer. 

3 The 50-kw Diesel-engine generator. 


The 480-v auxiliary switchgear and a 25-kva lighting trans- 
former are installed in this car. Where no power is available 


Fig. 21 MEcHANISM FoR 10,000-Kw TuRBINE 
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TRANSACTIONS OF THE A.S.M.E. 


TABLE 1 


Condenser 


Steam condensed at 70 deg lbs hr .......++- 112,000 
Design pressure absolute Hg 


Temp. of inlet water deg F ..cccccccccscccee 10 
Water required GPM 
Friction loss through condenser ...c.seeeeee 15.25 
Effective surface 8q ft .ccccccccccccccccce 1500 
HO. POBSOD € 
Water boxes material Cl 
Tube heads thickneSS 
Tube heads material 


Approximate No, tubes 4250 
Length overall 


Weight empty poundS ...ccccccccccccccccccce 47910 
Weight flooded 85070 


1 1/8-in. 


3/4-in, - 18 BWG 
Tubes material ..ccccccccccccccccccccccccce Aluminum brass 


9 Ft 2 1/2-in. 
Tube ROLLEd both ends 
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TABLE 2 
Main Condenser 


Part No. Name of Part 


Shell 1/2-in. 

Top Tube Head 
Bottom Tube Head 
3/4-in. OD Tubes 
Nozzle Head 

Ring 

Ring Head Cover 
Ring Head H.H. Plate 
Hot Well 

Hot Well H.H. Plate 
Support Plate 
Baffle Plate 

Cooler Plate 
Deflector Plate 
H-Beam Brace 

Angle Brace 

Shell Manhole Plate 


Fig. 22 Srcrion AND PLAN ViEWsS OF WORTHINGTON CONDENSER 


for lights before the Diesel engine is started up, emergency lights 
are supplied with current from the 48-v d-c control battery. The 
car also houses the cable reels for 3 single-conductor 600,000 CM 
cables each 500 ft long, and 3 single-conductor CM cables each 
250 ftlong. The reels are shown in Fig. 24. 


EQuIPMENT IN TRANSFORMER CaR 


The transformer car is shown in Fig. 25. This car contains 
the 12,500-kva transformer unit, consisting of a combined trans- 
former and auto transformer of special design for mounting on 
thecar. The transformer is the forced-air-cooled gas-seal type; the 
core and coils being specially braced in the tank to withstand 
the strains imposed by transportation over railroads. All high- 
and low-voltage bushings are brought out through the side of 
the transformer tank into fabricated-steel enclosures welded to 
each side of the tank. A large bank of cooling tubes is assembled 
at each end of the transformer tank. Located under each bank 


of tubes are eight weatherproof fans mounted in a rack which is 


_ supported over an opening in the car flooy. Doors made of 


heavy screening are located below the cooling tubes to provide 
protection for the fans. 

The transformer can be operated as an autotransformer from 
13,200 v to 11,500 v at 12,500 kva with forced-air cooling, or at 
10,000 kva, self-cooled. It can also be operated as a straight 
transformer from 13,200 v to 2400 v delta, or 4160 v Y, at 12,500 
kva with forced-air cooling, or at 10,000 kva self-cooled. The 
transformer can also be operated as a combined autotransformer 
and transformer carrying simultaneous loads at 11,500 v and 
2400 or 4160 v, provided the arithmetical sum of the outputs does 
not exceed 12,500 kva forced-air-cooled, or 10,000 kva self-cooled. 
On the car are also mounted various cable reels for connection 
cables to the transformer, and the bare copper cable for grounding 
the system. 


: 
/ 
S 
11 
14 
16 
pe 
i 
& 
= 
, 
ey 


LUNDGREN, BIGGS—10,000-KW RAILWAY-MOUNTED STEAM POWER PLANT 


Fic. 23. SwircHGear Car READY FOR TRANSPORTATION 


CIRCULATING-WATER PUMPING SYSTEM 


The circulating-water pumping system consists of two sec- 
tions, each mounted on a separate platform provided with wheels 
for mobility. Lugs are provided on each truck for lifting with a 
crane where one is available. Where a crane is not available, a 
ramp is provided for rolling the equipment down to rail level from 
the platform of the gondola car. A view of the car with equip- 
ment is shown in Fig. 29. 

The first section of the system contains a 14-in. Worthington 
single-stage pump, driven by a 285-hp 440-v motor. A Nash 
vacuum pump for priming the system is provided for use in 
moderate weather, and a steam jet for extremely cold weather. 
The second section, which supports the vertical suction hose 
extending down into the supp'y of circulating water contains 
two Elliott type 105 strainers. Each strainer contains a basket 
having '/,-in-mesh openings. One spare basket has been pro- 
vided for making a rapid change. The pressure drop at 7500 
gpm is about 0.25 psi. Metal baskets with a larger mesh opening 
than in the strainer are provided for the bottom of the suction 
hose. 

Two 20-ft lengths and two 10-ft lengths of 16-in. flanged rubber 
hose are provided to take care of variations in the water level at 
various sites where the plant may operate. The discharge line 
from the pump and discharge from the condenser can be made up 
from twenty lengths of 20 ft each, and five lengths of 10 ft each 
of 14-in-discharge flanged rubber hose. Two sections 14 in. X 
18 in., 12 ft long, provide the connections at the condenser. All 
of the hose was specially manufactured by the United States 
Rubber Company, mechanical goods division, and is similar 
to that used by suction dredges. Fig. 27 shows the mechanical 
connections, and Fig. 28 shows the electrical connections for the 
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.25 TRANSFORMER CAR READY FOR TRANSPORTATION 


Fic. 26 AND STRAINERS 


circulating-water pump. The electrically heated enclosure of 
the priming pump should be noted. A view of the equipment is 
shown in Fig. 26. 

Connections to be made between the boiler and turbine car 
are as follows: The 12-in low-pressure steam line, connected 
through a corrugated expansion joint with standard flanges, the 
specially designed 6-in. high-pressure steam-loop connection 
(Figs. 30 and 31), the 4-in. condensate-return line, and cold- and 
hot-water service lines, distilled-water lines to and from the 
heat exchanger, service air line, 2'/:-in. air-conditioning water 
line, and jumper cables connecting the electrical circuits. A plan 
view is shown in Fig. 32. 


The connections between the turbine and switchgear car con- 
sists of the two 480-v auxiliary power feeders, the field and con- 
trol circuits, the 13,800-volt connections between the generator 
and switchgear, hot- and cold-water service connections. 


CoMMUNICATION SYSTEM 


An internal telephone system has been provided with four 
permanent stations; two are in the boiler car, one is in the turbine 
car, and the other in the switchgear car. The permanent sta- 
tions are splashproof sound-powered marine telephone systems, 
as manufactured by the Automatic Electric Sales Corporation. 
Two portable units have been provided for use where needed. 
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Stcriom cc 


Vent valve Item 268 

Pressure gage G-14 

Gate valves Item 46 

Connecting hose Item C-1 
Connecting hose Item D 

1 1/2-in. connection for hose, 

1 1/2-in. check valve Item 261 
Drain valve Item 265 

Pressure gage pump discharge G-d 
Gate valve pump discharge valve Item 4£ 


Valve Item 2£9 


Valve 
Valve 
Valve 
Valve 
Valve 


eun 


Item 
Item 
Item 
Item 
Iten 


257 
262 
264, oriming water for vacuum pump 
263 


Strainer valve list Item 27 
Valve Item 260 
Funnel for pouring water into pump before sterting motor 


if 
~ 
NOTE 
A Bolted connections for assembly of pum>ing unit. 
8B Remove plates for access to assembly bolts for 


bolting trucks together. 


Remove elbow by unbolting at D and E, then bolt 
on suction hose and strainer at C and replace 
entire unit. Use lifting lug for handling. 


D See C. 
E See C. 
F Remove beam at end of truck to get suction hose 


and strainer into place. 


1S Auxiliary steam jet primer, pressure not to exceed 223 lb sq in. 


20 «(Drain 
21 Drain valve Item 266 
22 Connection to oriming system Item 267 


Fig. 27 MercHANICcCAL CONNECTIONS FOR CIROCULATING- WATER Pump 
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Plug receptacles are located at connection points which would 
be near the fuel supply and near the i0,000-kw turbine or which 
could be extended to the location of the circulating-water supply. 
A telephone of the dial type is located at the operating desk in 
the switchgear car. Outside connection to another telephone 
system can be made by this telephone. 

There are seven control boards located in the various cars as 
follows: In the boiler car there is the main control board which 
contains the various metering, indicating, and recording instru- 
ments as supplied by the Bailey Meter Company for operating 
the boiler combustion-control equipment, three-element water- 
level control, fuel-oil supply, and speed control of the forced- 
draft blower. The Bailey electronic type recorders show steam 
flow from the boiler, air flow supplied for combustion, boiler 
drum water level, feedwater flow to the boiler, and also feed- 
water and steam temperature. 

The Bailey steam pressure master controller controls the air- 
operated fuel-supply valve and forced-draft-fan speed as re- 
quired to maintain the load. The forced-draft-fan speed is auto- 
matically readjusted to maintain the measured fuel-air ratio 
for the desired combustion efficiency. Feedwater supply pres- 


Fie. 28 Connzcrions ror Pump sure is automatically maintained by control of the steam sup- 
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Fig. 29 Gonpota Car READY FOR TRANSPORTATION 
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Fig. 30 oF Expansion Loop on END OF 
Borer Car 


plied to the feedwater pump turbines. The feedwater flow to 
the boiler is automaticolly maintained in direct proportion to the 
steam flow from the boiler, and the drum level is maintained 
within predetermined safe limits by Bailey three-element feed- 
water control. Two of the electrical auxiliary boards known as 
Nos. 1 and 2, used for controlling the electrical auxiliary equip- 
ment and the alarm circuits, are included. The alarms show on 
the Edwards annunciator and are connected to a klaxon horn. 


Type AE-1A air circuit breakers are used on the feeders, and 
type CR-7006 magnetic contactors are used for control. 


CONTROL AND INSTRUMENT PANELS 


In the turbine car the Bailey board contains the flowmeters 
for main and auxiliary turbine generators, the Fulscope tem- 
perature controller, supplied by the Taylor Instrument Com- 
pany for the generator air-temperature regulation, thermometers 
to indicate bearing oil temperatures, vacuum and pressure gages 
for various services, and a tachometer to indicate the speed of 
the main turbine. Various controls are also included, such as 
the emergency governor trip, stop-valve trip switch with in- 
dicating lights, load-limit-control switch, load-control transfer 
switch with indicating lights to show control from the turbine 
car or from the switchgear car, etc. 

The turbine electrical auxiliary board, known as No. 38, is of 
the same design as the boiler boards, having two feeders with AE- 
1A breakers and magnetic-operated contactors for operating the 
motors of the hot-well pumps, booster, and chilled-water pumps, 
auxiliary oil pump and turning gear for the main turbine, as 
well as the alarm system. Lights toindicate which services are in 
operation are provided. 

Two boards are located in the switchgear car. One controls 
the 13,800-v 12,500-kva generator, and the synchronizing and 
loading of the turbine. The equipment on the board consists of 
various relays such as overcurrent, differential protection, and 
reverse power. There are also the synchroscope and instruments 
to show the field and armature,current, voltage, frequency, and 
reactive kva. A watthour meter totalizes the output of the 
plant. Provision is made at the back of this board to attach 
the three single-conductor 13,800-v outgoing power feeders. 

The other board is called the 480-v auxiliary board and 
controls the auxiliary transformer, the exciter-set motor, the 
Diesel engine, and the 350-kw generator. The lighting trans- 
former and shore power are attached to this board. The type 
CR-7890-Y1 automatic starting panel for the 285-hp circulating- 
pump motor is also part of this board. AE-1A and AE-1B hand- 
operated air circuit breakers of the draw-out type compose the 
main control equipment of the board. 

Other facilities in the boiler and switchgear cars include a sani- 
tary water system. A tank for the water and a small pump to 
maintain pressure and keep the water circulating so that it will 
not freeze are provided in the switchgear car. The water is 
pumped through the train to the boiler car where it is heated 
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Part No. Name of Part Draving No. or Description 


Buffer Flange 719-42T - Part No. 721-427 - Part fo. 1 
Joint Head 719-42T - Part No. 721-42T - Part No. 5 
Joint Body 719-42T - Part No. Welding Reducer 721-42T - Part No. 6 
Leakage Box 719-42T - Part No. 6 Bearing Ring 719-42T - Part No. ¢ 
Joint Body 720-42T - Part No. 1 Cap Screv Hex Head 1/2-in. - 13 « 2 1/2-in. long 

Sealing Sleeve 720-42T - Part No, 2 Bolt Stud 720-42T - Part No. 6 

Body Core 720-42T Pert Ho, 5 Bolt Stud 719-42T - Part No. 8 

Stop Ring 720-42T - Part No. 4 mut Hex 1/2-in. - 13 

Stuffing Box 720-42T Part No. 5 But Hex l-in. - & 

Packing Gland 721-42T - Part Ho. 4 Lock Washer 719-42T - Part No. 9 

Pipe Saddle 719-42T - Part No. 7 Packing John Crane Style 6-AM, Size 3/6-in. x 2 Pt. 6 In. 
Ring Segment 719-42T Part No. 3 Chill Ring 721-427 - Part Ho. 7 
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before returning to the tank. Cold and hot water are thus 
available for the washrooms, toilets, and drinking fountains in 
the boiler and switchgear cars, and for the chemical laboratory. 
The chemical laboratory is located in the switchgear car and is 
used for boiler-feedwater analysis. An operator’s desk and 
chair are provided in each car. 

The piping was prefabricated in so far as possible by the Blaw- 
Knox Company before final assembly For the high-temperature 
steam, carbon-molybdenum steel pipe specification A.S.T.M. 
A-209-39 was used, and all joints were welded, except the one 
connection to the turbine stop valve and the thimble between 
cars. Other piping was carbon steel A.S.T.M. 106-39. 

Insulation for the high-temperature piping consisted of a 
layer of Carey Hi-temp No. 12 under a layer of Carey multi-ply. 
For lower temperatures, a layer of multi-ply only was used. 
Where fire hazard existed, asbestos-cloth covering sewed on was 
used, and in other places 8-oz canvas. All covering was given a 
coat of fireproof paint. 

Welding-type steel valves were used on the high-pressure 
steam, oil, and water lines. Cast-iron flanged valves were used 
on the exhaust-steam system operating at 5 psi pressure. The 
valves were manufactured and prepared for welding in the shops 
of the Crane Company, with the exception of one 8-in. valve 
which was supplied by Reading, Pratt, and Cady. 

For the plant setup, the circulating-water pump, the trans- 
former car and the oil-supply cars must be located within the 
limits of the hose, cable, and oil-transfer piping supplied with 
the power-plant unit. These distances are roughly as follows: 
Transformer car to load connection 250 ft; transformer car to 
switchgear car 1000 ft; turbine car to circulating-water supply 
250 ft; fuel-oil supply to furthest tank car 200 ft; raw 
water 500 ft. The setup for delivering bunker C fuel oil to the 
boiler car, as shown in Fig. 33, consists of five sections, approxi- 
mately 20 ft long of 2'/:-in. steel pipe for oil, insulated with a 11/,- 
in. pipe for steam. One 50-ft section and two 25-ft sections of 
2-in. hose are provided. 

Two fuel-oil transfer pumps, motor-operated, are furnished 
with hose for connection to the tank car and electrical cable con- 
nections to the boiler car. A float valve is provided in the bunker 
C fuel-oil tank to keep it full of oil. 
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Basic Data ror MosiLe Power PLant 


The basic requirements for the mobile power plant are as 
follows: 


Heavy fuel oil (bunker C or Navy special) approximate quantities: 
15420 gal per 24 hr 
21900 gal per 24 hr 
29400 gal per 24 hr 
38900 gal per 24 hr 


Light oil (No. 3 or Diesel fuel) : 
Train-heating boiler (at 1500 lb per nares: 
Diesel engines (at 30 kw).. a 
Main boiler (cold to steaming)... 


370 gal per 24 hr 
64 gal per 24 hr 
140 gal 


Electric power load (three-phase, sensi: 
Direct-connected 


Tank capacities (approx.): 
Bunker C oil (boiler car). 
No. 3 oil (boiler car) 
No. 3 oil (switchgear car) 
Distilled water (boiler car) 
Drinking water (switchgear car)............ 


Water: 
Circulating system, 6820 gpm (avg) 
Raw make-up 4 gpm (avg) 
Sanitary water (drinking) 2 gpm (avg) 


7500 gpm (max) 
75 gpm (max) 
10 gpm (max) 

Shore power (optional) : 

Power feeder (three-phase) 
Lighting feeder (single-phase).............. 


OPERATING PLAN FOR SYSTEM 


Fig. 33 shows a typical plan setup for operation of the plant. 
In general a level well-prepared track which will hold a wheel 
loading of 55,000 lb per axle without settlement will be satis- 
factory. On average soil, with a good rock ballast about 3 ft 
thick, the plant should run for a reasonable length of time. 
Where level-measuring devices on the turbine car show that ex- 
cessive settlement has occurred, the plant will have to be re- 
moved from the siding and the track releveled. 

Leveling devices are provided for checking both the vertical 
and horizontal alignment of the main turbine generator. The 


MATER 


TyrpicaL oF SETUP FOR OPERATION OF PLANT 


With autotransformer..................... 11500 v 
With delta connection.................... 2400v 
1200 gal 
400 gal 
= 280 gal 
800 gal 
150 gal 
: 
. 
| 
= 
ia 
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equipment for the vertical check consists of six liquid-level 
micrometers, details of which are shown in Fig. 34 and located 
as shown in Fig. 35. 

The equipment for checking the horizontal alignment con- 
sists of a set of micrometer pulleys bolted to the side of the car 
and a steel wire with weight attached stretched between the 
pulleys. Measurements are made between the wire and pads 
provided on the bearing frame; details are shown in Fig. 34. 

No. 1 power plant was operated under test for a total time 
of approximately 77 hr 45 min. Table 1 gives the time, various 
loads, and heat rates. 

The test site on which the power plant operated consisted of 
a rock ballast approximately 3 ft thick on top of a cinder fill. 
The turbine operated satisfactorily on this type of track. How- 
ever, it is not known whether the operation would continue to be 
successful if settlement occurred. For emergency operation over 
not too long a period of time, apparently any good railroad track 


TABLE 1 OPERATING DATA OF SYSTEM 


Name of run Corrected — Time Heat rate, 
in kw net output, kw Hr Min Btu/kwhr 
1500 1250 37 15 aes 
2500 2150 6 15 25200 
5000 4500 3 00 18640 
7500 7500 5 30 17560 
1 9850 5 30 17570 
12500 12093 3 30 18400 
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will be satisfactory. During test, the track settled under one 
set of wheels approximately '!/; in. without any apparent detri- 
mental effect on the operation of the turbine. There was a 
change in the side alignment of 0 to 15 mils of the middle bearing, 
caused by the temperature difference from the sun shining on 
the car during the day. The vertical alignment changed from 
0 to 20 mils with the middle bearing going up. This occurred 
during the starting and returned to normal when the turbine 
cooled off, thus indicating that it was a temperature condition. 
In spite of these conditions, the unit operated satisfactorily, both 
coming up to speed and during the active loading. The actual 
setup is shown in Fig. 36. 


AND SERVICE RESULTS OF SYSTEM 


A test was conducted to determine the time required to place 
the mobile power plant in service after it arrived at a certain 
location. Two locomotive cranes and a total crew of 21 men 
were employed. Fourteen hours after arrival, the plant was 
placed in operation carrying 500 kw load, gradually increasing 
to 7500 kw. It is estimated that a crew of 40 men, including 
the specially trained skeleton crew assigned to each mobile 
power plant, could locate and start the plant within 8 hr. 

Since the delivery of the units to the Navy Department the 
mobile plant located in the East has been used for emergency 
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BOLT MCROMETER PULLEY TO Trws Face 


O 


Adjustment But 

Tilting Pore 

13 Set Screw Sock. 

Pointer 

1S Serev Flat Mt Me. 4,40 


| Fae: a 
OOLT FACE OF BRACKET TO SIDE OF CAR 
AT POINTS DESGNATEO 


Refer to araving 
LIQUID LEVELING DEVICE 
FOR 10,000. KW-TURBINE-GENERATOR 


1 Assembly a6 Pin - ,063-in. Diameter by 3/8-in. Long Brass 

2 Bottom Brass 1? Washer Brass 

3 Top Brass 18 Machine Screw - Pillet Head No. & - 32 x 3/8-in, Long Steel 

4 Gland Brass 19 Machine Screv - Fillet Yead No. 4 - 48 x 3/16-in. Steel 

Support Brass 20 Gasket - 2-in. x 1 3/4-tn. I.D. x 1/l6-in. Thick Rubber 

€ Base - Composition No. 113 Bakelite 21 Gasket - 2 1/32-in. 0.D. x 1 27/S2-in. I.D. x 1/16-in. Thick Rubber 

7 Stud Brass 22 Gasket - 3 1/32-in. 0.D. x 2 7/32-in. I.D,. x 1/16-in. Thick Rubber 

8 Nut Brass 23 Micrometer Head (Note 2) 

3 Outer Glass Tube . Glass 24 Washer - 1/2-in. 0.D. x 3/16-in. I.D. x 3/16-in. Thick Rubber 
lo Inner Glass Tube Class 

be "c" Strip Brass Note 1 - In ordering parts, refer to GE Drawing T-8606028 

= Pel bis pn Note 2 - Part 23 (micrometer head) as manufactured by the L.S. Starrett Company, 
4 Spring Steel Athol, Mass, Catalog No. 26 - Page 137, Model 124 - Set A less exten- 
is Nut - Hexagon No. 4-40 Brass a 


Fie. 34 Derarts or LEVELING MICROMETERS 


3 
= 
as 
4 
2 
++ 
° — 
“ue 
| | | a | 
T 10 Serew 
aly 
= 


et - uo8exey 203 v2 
40 *ut-9/t ee, Susan, ST Teesoge-s gacddng sojeseuep) 
esvag “UT-91/ST “KOH “UT-9T/ST S9LZT9O-A 
JO e7te uot 40 JO “ou 
IGUAL AY-OOO'OT 
OMITIZATI * 
(ot) 4 
= 
( 


A 


/ \ 


(70,2, 40 


\/o 


(at) 


~ 


TRANSACTIONS OF THE A.S.M.E. 


Fie. 35 Location or Liquip MICROMETERS FOR LEVELING EqQuiIPpMENT 


| 
| 
| 


| 


| 


| 

| 
| 


164 


= 

| 
| |_| 

| | | | 1 : 
| 
lh 

| 

| \ Hing & > ast 

\ 
/ 
@ 
/ 
‘ 


LUNDGREN, BIGGS—10,000-KW RAILWAY-MOUNTED STEAM POWER PLANT 


36 


purpose to supply steam at the rate of 100,000 to 120,000 Ib 
of steam per hr at one of the Defense Corporation manufacturing 
plants for producing butadiene for the synthetic-rubber program. 
The boiler car alone was used for this purpose operating on con- 
densate without difficulties of any kind. At this writing, the 
entire mobile power plant was moved to a southern city and 
placed in operation to supply emergency service for a public- 
utility plant supplying power to a naval activity. The other 
plant has been set up for stand-by service at one of the Navy’s 
activities and has delivered power on various occasions. 


Discussion 


L. W. Bates. It would appear to be somewhat incongruous 
for the Navy to operate railway-mounted power plants and for 
the Army to operate floating power plants. The latter are 30,000- 
kw plants mounted on steel barges, several of which, it is under- 
stood, are destined for use in the European theater of operations. 

The Bureau of Yards and Docks of the Navy Department was 
glad to have pioneered in the development of these railway power 
plants and much credit is due to Mr. Biggs and his associates 
for the excellent design under the difficult conditions imposed by 
railroad clearances. These plants are the largest railway plants 
which have been constructed. Many such plants of 1000, 3000, 
and 5000-kw capacity have since been built, principally for use 
overseas, 

Aside from minor operating difficulties which would be ex- 


3Captain, U.S.N., Bureau of Yards and Docks, Navy Depart- 
ment, Washington, D. C. 
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ACTUAL Setup ON A TEstT 


pected in a new development of this character, operation of these 
units has been entirely satisfactory. 

When the first plant was completed at Schenectady, repre- 
sentatives of the Navy were present to witness the trial run. 
Since the turbine appeared to be operating without noticeable 
vibration, a careful examination was made to determine whether 
it had been necessary to use jacks under the turbine car to cor- 
rect vibration difficulties. No jacks were discovered and the 
only vibration noticeable was a vertical handrail on the outside 
of the car. 

At the time the plants were completed there was no emergency 
power requirement to be met at any naval shore establishment. 
At the request of the Department of Commerce the boiler car of 
one plant was loaned to the Rubber Reserve Company, a sub- 
sidiary of the Defense Plant Corporation, to supplement the 
boiler capacity of a synthetic-rubber plant in West Virginia. 
More recently the entire power plant was transported to Florida 
where it is now being operated in parallel with an 80,000-kw 
central station pending extensive repairs to station boilers. 
This central station serves important naval activities and 
Maritime Commission shipyards in the vicinity. 

Recently, an inspection was made of this mobile plant and it 
was found that it has been furnishing an average of 9000 kw for 
24 hr a day and has been rendering good service. The track 
under the turbine car had settled slightly but this has apparently 
caused no increase in vibration. 

The second of the mobile power plants is located at the large 
Navy yard near San Francisco where it is operated at intervals 
to insure its readiness for service for meeting power emergencies 
in the western part of the country. 
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Locomotor Mechanics and Occupation 


By A. STEINDLER,' M.D., F.A.C.S., IOWA CITY, IOWA 


ECENTLY, I had the privilege of appearing before a 
group of mechanical engineers on the question: ‘‘Can 
Mechanics of Locomotion Be Treated as a Special Case 

in Mechanics?’’ Today, as I follow Dr. Barnes’ flattering in- 
vitation, the question is further expanded: ‘Can Time-and- 
Motion Study, which is an outgrowth of mechanics of locomo- 
tion, likewise be treated asa special case in mechanics?’ I am 
confident that I can answer the first question in the affirmative; 
but I am not so sure of the second question, considering the 
complexity of the locomotor problems and the many factors 
outside of mechanical ones which influence the performances in 
refined and complicated industrial activities. 

It is not the question of calculating a motor act as you calcu- 
late a machine; the question is whether a motor act already 
committed can be analyzed along lines of mechanics; and 
whether its performance has been in harmony with existing 
mechanical laws. The reasoning is deductive, not inductive. 
Even though the work of the engineer is committed to mathe- 
matical accuracy, I believe that human locomotion can be in- 
cluded as a special case of mechanics, even though it is neces- 
sary to make certain compromises and approximations. Such 
compromises consist in the fact that we are not dealing with an 
entirely homogeneous material in calculating unit stresses, 
breaking-point determinations, etc., and that we have to ap- 
proximate the body parts to standard geometrical figures such 
as cylinders and truncated cones. Furthermore, we must accept 
average values for physical properties of tissues, although these 
physical properties change during action; for instance, a muscle 
will change its degree of tension during action as well as its 
rotary moment because of the change of the angle of applica- 
tion. To facilitate calculations, we adopt certain approximate 
values for the intrinsic physical properties of tissues. For 
instance, the radius of gyration for limbs is 0.35 of their diame- 
ter for length rotation, and 0.3 of their length for transverse 
rotation, Fig. 1.* 

It is from this basis that the French physiologists, Amar* 
and others, have calculated not only the radius of gyration but 
also the moments of inertia for the different portions of the 
human body, Tables 1 and 2. It appears that the force 
necessary to produce acceleration for rotatory movements 
about the length axis is surprisingly small, as compared with 
the effort necessary for the movement of a perpendicular axis. 

This is of very definite practical value because on second 
thought it becomes clear that thousands of details characteriz- 
ing the various phases and types of locomotor acts are ex- 
plained thereby. We realize why the length rotatory move- 
ments of the body and the limbs play such an important part 
in the accumulation of momentum, since they are being carried 
out with such comparatively little effort. Instances of this are 
the twisting motion of the body in the gait in which the ro- 
tating body imparts acceleration to the extremities, Fig. 2, 

' Professor, Orthopedic Surgery, State University of lowa Hospitals. 

* From ‘‘Mechanics of Normal and Pathological Locomotion in 
Man,” by A. Steindler, Charles C. Thomas, Springfield, Ill., 1935. Re- 
produced through courtesy of the publisher. 

* From ‘The Human Motor," by Jules Amar, E. P. Dutton & Com- 
pany, Inc., New York, N. Y., 1920. 

Contributed by the Management Division and presented at the Spring 


Meeting, Davenport, Iowa, April 26-29, 1943, of Tus American So- 
CIETY OF MECHANICAL ENGINEERS. 


AXIS 
ARM 


FIG. 1? RADII OF GYRATION OF UPPER ARM FOR ALL AXES GOING 

THROUGH CENTER OF THE HUMERAL HEAD, AT DIFFERENT ANGLES 

TO THE LONG AXES, ALL LYING IN THE SAME PLANE (BRAUNE AND 
FISHER > 


the spin of the discus thrower, the twist of the golfer, or 
many other locomotor activities in everyday life. 

Actually, the calculation of the forces and the work per- 
formed in certain locomotor acts has been possible to a rather 
close approximation. For instance, in the analysis of the 
normal walk, we divide it into the up and down movement, 
the forward propulsion, and the swing. The first component 
of this is determined by the weight of the body times the nor- 
mal displacement times the coefficient which embodies the 
invisible work spent in the so-called restraint, which amounts 
per step, all told, to about 3.952 kg-m. The second part of 
the work, namely, that of forward propulsion, is determined 
by the formula '/2 X mv?, also multiplied by the coefficient of 
restraint, which is 52 per cent of the propelling force, and one 
arrives at the figure 1.812 kg-m per step. The third pendulum 
movement equals !/, w? Im and is determined as 0.281 kg-m 
per step, which gives a grand total of 6.045 kg-m work per step, 
or 7.712 kg-m per m; or, according to Amar’s figure, a value of 
0.119 kg-m per horizontal meter-kilogram, Table 3.* This is 
an approximate evaluation of the work actually performed by 
the muscles during the gait. The values of Dr. McClintock 
and Paisley give the average cost somewhat higher, 0.23 kg-m 
for work per horizontal meter-kilogram. 

Even with those variations, we see that an approximate idea 
of the actual work can be obtained. The same may be true in 
calculating the work for the ascending or descending walk, or 
the work atrunning. For instance, the calculation of the work 
in jumping, that is, the visible work performed, would be on 
the basis of work equals '/; mv*, for a man weighing 65 kg, 
leaving the ground at a speed of 8 m per sec, and would amount 
to about 212 kg-m, or, in addition to the preparatory run, about 
300 kg-m for a space of 6.5 m covered, or about 0.77 kg-m per 
meter-kilogram. This, of course, would show again that the 
work performed by jumping, Table 4, is much higher than 
that covering the same distances in the walk. 


Erricrency or Worx PERFORMED 


It is on this basis that kinesiologists have tried to establish 
the coefficients of efficiency for any work performed. The 
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TABLE 1? 


TRANSACTIONS OF THE A.S.M.E. 


HUMAN BODY (FROM JULES AMAR®) 


Adult weight P =65 kg. 


APRIL, 1945 


MOMENTS OF INERTIA OF DIFFERENT PARTS OF 


Parts of 
the Body 


Shape assumed for the Calculation and the 
manner in which the Calculation is done 


of 


Inertia I 


cm? kg 


Bust (trunk 


* Cylinder of height &= 


8,600 


and Head) 
50% of tot. wt. 


radius r= .13m 
(axis of reference: axis through base of cylinder 
and axis of cylinder.) 


Upper Arm Treated as truncated cone. Center of gravity, 
-145 m from shoulder; h=0.35 m (height) 


7=0.047M. 7, =0.040m. 


Forearm Same as upper arm: Center of gravity 0.54 from 


shoulder; &=0.35 m.; 7 = 0.045 mM; 7, =0.027 m. 


Fingers Approximately 


Treated as truncated cone: Center of gravity 
0.32 m from shoulder. k=0.70 m; 7 =0.047 m 
=0.027m 


Whole upper 
Limb 


** Treated as truncated cone: 
h=0.44; =0.002; 7) =0.038 130 
h=0.88; =0.086; 7, =0.038 1460 


Lower leg 
Whole Limb 


* Formula for moment of inertia for cylinder referred to axis perpendicular to} axis 
of cylinder and thru base of the cylinder: J = M/12( 378+ gh*) 

** The center of gravity in the lower limb of adult is 0.38 m from hip joint. The 
radius of gyration can be found from [ = M : p* which gives p =0.34m 


TABLE 2? VALUES OF RADII OF INERTIA po FOR AXES 
THROUGH CENTER OF GRAVITY FORMS ANGLE a WITH AXIS 
OF THE EXTREMITY (FROM 5° to 5°), IN CM 


Angle a of the genre 
Axis with Axis 
of Extremity 


Thigh Upper Arm Lower Arm 


77 
84 
-36 
74 
17 


COD SS 
CONN AUN 


CODD WW & & 
ww 


© 1 =m p?-+ m e? for rotation about a joint axis perpendicular to the longi- 
tudinal axis of the limb. 


problem becomes the more complex the more specified the 
motion. But, on the other hand, we can recheck the correct- 
ness of the locomotor act already performed in relation to its 
conformity to the accepted mechanical laws. The more ef- 
ficient the motion, that is, the higher the efficiency quotient, 
the more it can be considered to be consistent and subservient to 
these laws. 

The manner of determination of the efficiency belongs to the 
field of thermodynamics on the basis of Joule’s thermodynamic 
equivalent, which is established as 1 kg-cal, equivalent to 427 
kg-m of work. Inthe human body, which is also a combustion 
engine, part of the potential energy is transformed into kinetic 
energy, but the fate of this potential energy is fourfold. A 
small portion is lost in urine and feces; a larger portion ap- 
pears as heat necessary for the function of the body; a third 
portion is transformed into kinetic energy; a fourth portion 
remains stored in the body as potential energy. Under these 
circumstances, obviously it is much more difficult to devise a 


FIG. 2?) BALL THROWING 


(a, The wind-up. 6, Delivery.) 


balance sheet for any utilization. Nevertheless, even in the 
living motor, the efficiency degree can be determined by gaso- 
metric methods. Of course, we must make certain reservations 
as follows: 

1 We will have to consider the expenditure of energy neces- 
sary to the maintenance of the vital functions, so-called basal 
metabolism, which amounts to 1450 to 1550 cal per 24 hr. 

2 In addition, some portion of the energy consumed leaves 
the body unutilized through feces and urine; about 10 per cent. 

3 A great deal of energy is expended on actual muscle work 
but is absorbed by postural attitudes, fixation, and stabiliza- 
tion of the extremities before any actual work is performed, 
Fig. 3. 


COMPUTATION OF EXTERNAL WORK IN HUMAN 
GAIT, T 
WEIGHT 65 kg., RESTRAINT 52% 


Ty Vertical Oscillation (40 mm.) 
(WxD) = 65x0.04x1.52\= 3.95 kgm/step 


0.6 m.) 


TABLE 33 


Forward propulsion m v?} 
= 4x $2, x 0.6% x 1.52 = 1.81 kgm/step. 


Ts (Swing, Cv = 126°; 4 1) = 0.281 kgn/step. 
T = 6.045 kgm/step = 7.712 kgm/m = 0.119 kgm/m ke. 


TABLE 4 WORK IN JUMPING 


W= 65 kgs, Distance 6.5 m., Speed 8 m/sec. 
x 8° = 212 kgm. 
with run = 3OO kgm. 


= 0.77 kgm/m kg. 


20° 
30° 
38° 61 
° 
ss 02 
10.35 23 9-89 
70° 10.66 46 10.23 
75 10.90 64 10.49 
80° 11.08 77 10.69 
85° 11.18 8&4 10.80 
° 
: 
3 ek 


STEINDLER 


It is obvious that in certain motor acts in which the whole 
body takes part in the visible work, for instance, in walking or 
in climbing, the ratio between work and energy consumed is 
to be computed simply by subtracting the basal-metabolism 
expenditure plus about 10 per cent of the calories taken which 
pass through the body unutilized. If we assume that of the 
total heat energy available, 50 per cent is consumed in resyn- 
thetization of the metabolic products, we would place the 
maximum potential efficiency for any human act at about 50 
per cent 

Such a maximum figure cannot be obtained in actual life, 
even in the most automatic and skillfull motion such as walking, 
which has an efficiency coefficient of 33.5 per cent. 

In this manner the efficiency of certain movements has been 
established under different working conditions. For instance, 
in the cranking of wheels of different sizes, weights, or heights, 
Fig. 4and Table 5, we see a caloric value which varies with 
the arrangement, the lowest expenditure of gram-calories per 
meter-kilogram of physical work performed in this particular 
arrangement being about 18 per cent efficiency. 

In this same manner we have established the optimum ef- 
ficiency for all kinds of work; for example, filing (9.4 per 
cent), weight lifting (8.4 per cent), while cycling goes as high 
as 36 per cent. 

It is taken for granted that in athletic performances the ef- 
ficiency is high, because the work is skilled and well trained. 
In military activities, the efficiency maximum has been found 
by trial-and-error methods, just as it is being found in time- 
and-motion studies. However, it is remarkable how close the 
empiricism will come to accurate laboratory determinations 
For instance, military experience establishes the optimum 
average marching velocity at 4.2 km per hr with a cadence 
of 115 steps per min, 78-cm step length, and a load of 35 to 50 


ENERS 
ENERGY EXPENDITURE FOR 

£000 TIME LEISURE DAILY £000 
VALVE = 4 = 
3,000 CAL ecco 

‘BASAL METABOLISM. 

UNUSED ENER&Y OF FOOD 

INTAKE 
FIG, 3 RELATION OF BASAL METABOLISM, UNUSED FOOD ENERGY, 


ENERGY EXPENDITURE DURING LEISURE, AND ENERGY EXPENDI- 
TURE DURING WORK (ATzLER‘) 


lb. The physiologists, when they undertook the same prob- 
lem, found a minimum energy consumption and therefore 
the maximum efficiency obtained at a speed of 4.2 km, load of 
15 to 18 kg, findings which come extremely close to the em- 
pirical findings of the Army regulations. 

This criterion of efficiency by which we can determine the 
standard skill is, of course, also applicable under pathological 
conditions, particularly so when we try to evaluate operative 
reconstruction. For example, let us take a case of congenital 
dislocation of the hip that has been reduced, or a flail limb that 
has been stabilized; usually the clinical evaluation is made 


From und Arbeit,"’ by E. Atzler, Leipzig, 1927. 
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TABLE 5? ENERGY EXPENDED IN SMALL CALORIES PER 
METER-KILOGRAM WORK CRANKING WHEELS OF DIFFERENT 
RADII, DIFFERENT WEIGHTS IN KILOGRAMS (6.5, 13.0, 26.0, 
32.5 KG) AT DIFFERENT HEIGHTS FROM FLOOR (55.3, 82.7, 
114.3, 162.2CM). THE LOWEST FIGURES, GIVING THE SMALL- 
EST CALORIC EXPENDITURE, GIVE THE HIGHEST EFFICIENCY 


(ATZLER* 
Elevation of . Work in Meter Kg. per Revolution 
Crank Axis —_ 
above Floor Caeb 6 6 
in Contionates ran 5 13.0 19.5 26.0 32.5 
19.4 -7 15.8 16.5 18.7 23-3 
55-3 28.4 22.3 14.6 13.2 13.8 17.1 
36.6 8 16.5 bx 4-4 16.5 
19.4 17.8 14.5 15-5 17.8 26.0 
82.7 28.4 Y9.4 {5-6 12.5 14.2 15-7 
36.6 25.1 1 13-9 13-5 14.6 
19.4 14.6 14.1 18.3 25.1 
114.3 28.4 i3.6 11.7 wf, 12.5 14-3 17.5 
36.6 17.0 13-5 12.4 12.5 
19-4 14-5 17-4 23-5 28.9 os 
162.2 28.4 30-5 19-2 19.0 22.6 33-5 
36.6 22.0 18.4 18.5 20.5 22.2 


\{ 
\ \ \ 
= Me 
FIG. 44. ENERGY EXPENDITURE IN CRANKING WHEELS OF DIF- 


FERENT SIZES, WEIGHTS, AND HEIGHTS 


by observation of the walk or by moving pictures, but these 
observation photographs and even movies represent always a 
concentrated momentary effort and give no information as to 
the real efficiency and endurance the patient has acquired by 
surgical means. It is therefore of interest to check up on the 
patient's performance by establishing the efficiency of the 
motor acts in terms of caloric expenditure. We know before- 
hand from observing the gait, particularly the greatly in- 
creased oscillations and swayings of the body in a spastic or 
scoliotic, in a case of infantile paralysis, or in a case of muscular 
dystrophy, that there is an inordinate amount of expenditure 
and that the gait is costly, Fig. 5a, b, c, a, ¢. 

Much more accurate information will be gained by actual 
calculation of the increase in energy output of the particular 
patient over that which would be expended in the normal gait 
(for details see Tables 6 and 7).? For instance, in infantile 
paralysis, it is not unusual to find the expenditure for the gait 
on a treadmill to be increased 150 per cent, and in spastics even 
more. In muscular dystrophy we found it increased as much 
as 330 per cent above the normal caloric output in gram-calories 
per horizontal kilogram-meter. 

It is obvious that the greater the percentage is which the 
actual visible work performed occupies in the total energy out- 
put, including the basal metabolism and wastes, the greater 
also will be the accuracy by which the efficiency of the par- 
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TRANSACTIONS OF THE A.S.M.E. 


LATE RAL- OSCILLATIONS 


VERTICAL OSCILLATIONS 


LATERAL 


VERTICAL OSCILLATIONS 


FIG. §? 


(4) Scoliosis 
(6) Spastic case 


(c) Scoliosis 


ticular motor act can be measured. To demonstrate this point, 
let us take the work of a lumberjack. If the intake of the 
lumberjack is 6000 cal per 24 hr, 2000 of which are used up in 
basal metabolism, and there may be another 600 to 1000 passing 
unutilized, it is obvious that the energy required for actual 
work is more than 50 per cent of the entire energy output. The 
movements carried out are simple and can be calculated, so that 
an efficiency index on the basis of the caloric value of the actual 
physical work performed, compared with the caloric values of 
energy consumed, will be comparatively easy and quite ade- 
quate. 

As soon as the actual visible work, however, occupies only a 
lesser part of the entire energy output, we can see, of 
course, that these calculations will become increasingly in- 
accurate, especially in those occupations which require ac- 
curacy and which therefore postulate the preparatory as- 
sumption of certain rigid postures and attitudes. Two things 
seem to be deducible from these facts, (1) that a great deal of 
attention must be given to the preparatory attitudes such as 
sitting, standing height, bending height, etc.; and, (2) that, 
in the calculations of optimum conditions for finer work, we are 


(d) Infantile paralysis 
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| j VERTICAL OSCILLATIONS 


LATERAL OSCKLLATIONS 


e 


EXCESSIVE LATERAL AND VERTICAL OSCILLATIONS OF CENTER OF GRAVITY 


(e) Progressive muscular dystrophy 


more and more dependent upon observational and empirical 
than on actual calculative methods. 


ENDURANCE AND FATIGUE 


It is common practice to measure the efficiency of the work by 
endurance, calculating that the longer a certain work can be 
carried out before signs of fatigue and exhaustion set in, the 
more economical and therefore the more efficient such motor 
actsmust be. We should definitely distinguish between fatigue 
in the engineering and fatigue in the physiological sense. In 
the engineering term, it means that, after a great number of 
stresses, failure appears at the stress lower than the ultimate 
strength of material. Fatigue in the engineering sense is ir- 
reversible. But fatigue in the physiological sense is a reversible 
process, at least to a large extent, and the human motor fore- 
casts excessive stresses and impending failure much sooner by 
signs of physiological fatigue. This results from the fact that 
the human motor is endowed with an extremely delicate and 
complicated system of sensory receptors which record stresses 
minutely in the brain, and thereby produce a premonitory 
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TABLE 625 INCREASE IN ENERGY OUTPUT OVER THAT 
EXPENDED IN NORMAL GAIT IN CASES OF SCOLIOSIS, AND 
ARTHRITIS 
A. FORM 
Total Per Cent 
Gm. Cal. | Difference 
NAME AGE Gm. Cal. Above 
per H. Kgm. for Normal | in Gm. Normal 
GROUP 1I-—SCOLIOSIS 
KH. | —brace | 48418 63366 | .14948 | —23.59 
+ brace 45694 63366 17672, | -27.89 
uc 12 =brace *.58271 61661 03390 | -5.50 
| + brace 65875 61661 04214 6.83 
| 72004 | 59672 | 13232 | 22.17 
CS. 13 $1834 59672 07838 | 413.14 
G.A. 14 1.50580 61678 88094 44.16 
vB. | 4s 1.30289 $6262 .74027 | 131.58 
AL. 15 97984 $6262 08920 74.16 
(aft.9mo.)|  .96060 56262 39798 70.74 
B. FUNCTION 
GROUP II—ARTHRITIS, CONGENITAL DISLOCATION OF THE HIP 
G.c. 15 65182 .56262 08920 15.85 
E.C. 32 | 99007 $1432 47575 92.50 
K.B. 47 | 1.01201 49727 51474 103.5% 


phenomenon of fatigue and incoordination. This applies par- 
ticularly to the muscles. 

The exertion of a muscle fortunately can now be recorded by 
means of action-current pictures much better and much sooner 
than was possible before Einthoven's discovery. At that time 
we knew little of the physiological properties of the muscle 
except that it possessed a certain degree of contractility, and 
that the strength of the muscle contraction depended upon the 
quantitative amount of muscle fibers which were simultane- 
ously involved in contraction. 

By means of these action-current pictures, we can follow up 
voluntary contractions of the muscle and demonstrate them 
on the living. We see that both resistance and speed modify 
the action-current curve, and that it is different according to 
whether motion is carried out loosely or in the free swing, or 
under a strain, as in the so-called directed motion, Figs. 6 and 

The free pendulum swing requires only a momentary impulse 
at the motor end plate, both in the synergistic and antagonistic 
muscle. The greater the impulse, the faster is the swing, and 
the sooner the antagonistic check to restrain motion appears at 
the proper time. Consequently, we see also in the co-ordinate 
and directed motion, which is the usual motion, that there is no 
such syncopation and alternation between synergistic and an- 
tagonistic muscle. The greater part of all muscular effort 
serves to produce stability as the foundation upon which the 
actual motor effort is superimposed; and, consequently, we see 
a continuous action-current play both in the synergistic and in 
the antagonistic muscle, Fig. 8. 

When resisted motion is made more difficult by continually 
adding to the external load, the amplitudes of the action cur- 
rent not only become high but more and more irregular, and 
the discharges at the motor impulse resemble a peloton fire or a 
machine gun. The amplitudes go still farther until the limit 


* Tables 6 and 7 show in percentages of excess gram-calories per hori- 
zontal meter-kilogram great variations; from 6.83 per cent (scoliosis) 
to a maximum of 325 per cent (progressive muscular dystrophy, after 
exercise) above normal. This means that walking efficiency in these 
cases (all ambulatory) is decreased from 35 per cent normal to as low as 
10 per cent. 


TABLE 725 INCREASE IN ENERGY OUTPUT OVER THAT 
EXPENDED IN NORMAL GAIT IN CASES OF INFANTILE PA- 
RALYSIS, SPASTIC PARALYSIS, AND MUSCULAR DYSTROPHIES 


NAME AGE Gm f ‘ 
per H Kgm. Gm. Cal. Normal 
GROUP I—INFANTILE PARALYSIS 
LJ. 6 84145 .72033 12112 16.81 
ET. 4 1.09630 68351 41279 | 60.39 
EM. 9 88632 67283 21349 | 32.73 
CH 10 1.55052 66082 88970 | 134.64 
H.T. 12 93572 61661 31911 54.75 
M.L 13 1.28400 $9672 68728 | 115.18 
RS. 13 .74091 $9672 14419 24.16 
G.H i4 1.46095 .58251 87844 | 150.80 
WG. 15 77995 60475 17520 | 28.97 
R.W 15 1.20953 60475 .60478 | 100.00 
L.c. 16 | —shoes | 1.36744 59674 .77070 | 129.15 
+shoes | 1.14700 59674 | 92.21 
M.K. 19 1.29904 $2852 77082 | 145.79 
V.H. 20 .70231 52426 17805 | 33.96 
GROUP II—SPASTIC PARALYSIS 
RR. 9 1.73830 | .67283 | 1.06547 | 158.38 
F.H. 1.47206 64880 | 82326 | 126.89 
V.H. 15 1.50481 60475 90006 | 148.83 
vs. | 16 | 1.27578 | .s4699 | 72879 | 133.24 
GROUP DYSTROPHIES 
PS. 10 1.19749 | 66082 | .53667 | 87.27 
E.K. 14 1.78972 | 61676 | 1.17296 | 190.18 
MK. 17 1.96224 | 58339 | 1.37885 | 236.35 
F.G. 37 | Bed rest .84692 .50863 | 33829 | 66.57 
Exere.2days, 2.16230 | .$0863 | 1.65367 | 325.12 
COMBINED 
OLIOSIS AND SPASTIC PARALYSIS 


of muscle capacity is reached, that is, when one enters the 
threshold of exhaustion, it is noted that the muscle assumes 
chronic contraction, its amplitudes are high, and the impulses 
become more grouped so that the motor discharges resemble 
more the salvo type of firing, Fig. 9. The explanation is 
obvious because, to understand fatigue one must remember that 
prolonged contractions are only made possible by the arrange- 
ment of alternation in the activity of the individual constitu- 
ents of the group of muscles. Each muscle fiber contracts at 
maximum, according to Sherrington’s law, and only by alter- 
nating the different muscle-fiber groups in rotation is it possible 
that a sustained contraction may be obtained. 

However, the action-current picture gives only one special 
feature of fatigue. There are many ways of measuring fatigue, 
including ergographic methods, manometric methods, etc. 
We generally consider fatigue as a completely reversible process 
which disappears when the lactic acid accumulation in the 
blood and in the muscle has been taken care of by increased sub- 
sequent oxidation, Fig. 10. 
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FIG. 6 ACTION CURRENT FROM ANTERIOR AND POSTERIOR POR- 


TIONS OF THE DELTOID 


(Top--Free forward and backward swing. Center—-Complete alterna- 
tion of current. Bottom—Short duration of motor impulses. From 
Wachholder. 


FIG. 7 ACTION CURRENT FROM ANTERIOR AND POSTERIOR DELTOID 


(Free forward and backward swing with increased velocity. Higher 
curves; precocious antagonistic action. Perfect alternation. From 
Wachholder. ) 


What makes it so difficult to evaluate fatigue is the fact that 
it is by no means entirely or even principally a muscular phe- 
nomenon. In so far as the muscles are concerned, we can geta 
measure of the degree of muscular effort from the action-current 
picture as well as from the chemical accumulations in the blood 


and in the muscles. If we define fatigue as a state in which a 
certain amount of work is carried out under increasing sense of 
difficulty and effort, and with constantly decreasing visible 
effect, this definition would of course include all kinds of ataxic 
deficiencies, clumsiness, etc. Evidently such a kind of fatigue 
is not based upon a state of muscle function alone but it also 
has a very definite cerebrospinal component. 

In normal persons the fatigue of the muscle itself is only ex- 
ceptionally the primary factor. The primary factor is usually 
fatigue or exhaustion of the motor ganglion cells. This inter- 
feres, above all things, with the independent and free innerva- 
tion of the muscles, and it leads to mass innervation of muscles 
by which more and more of the neighboring muscles become 
engaged in performance of ordinarily simple and distinc- 
tive motions. Gilbreth conducted the analyses of motion by 
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kinematographic records to establish the time and rapidity of 
fatigue occurring under certain conditions, as well as the period 
necessary for a complete recovery, as it occurs under varied 
conditions of work. His criterion for fatigue always is that it 
involves engaging more muscle groups than are necessary for a 
specific work when performed under absence of fatigue. 

We who are interested primarily in the pathological aspect of 
locomotion and in the reconstruction and recovery of locomotor 
efficiency have a good deal to learn from the engineering concept 
of and approach to the problem of time and motion. We are 
interested also in the phenomenon of fatigue and how its 
threshold can be raised. 


Stupies 


In time-and-motion studies, the objective is to find the 
most economical way to perform a certain motor operation, 
This is done by scientific study of the methods, material, tools, 


FIG. 8 ACTION CURRENT IN SLOW RIGID MOTION 
(Agonist and antagonist continually at work. No periodicity. 
Wachholder.) 


From 


FIG. 9 ZONE OF EXHAUSTION WHEN MUSCLE ASSUMES CHRONIC 
CONTRACTION, WITH HIGH AMPLITUDES AND GROUPED IMPULSES 
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and equipment which are used. This, of course, presupposes a 
minute analysis of the movements made by the worker per- 
forming his task. Gilbreth, who is the father of the modern 
scientific way of establishing optimum performances, used 
for the purpose of time-and-motion study photographic and 
kinematographic registrations. It appears to me that several 
cardinal points become apparent in the course of these studies. 

The gasometric method of determining an efficiency be- 
comes more and more uncertain, to the degree that the motor 
acts under investigation form a smaller and smaller portion of 
the entire motor effort expended; that is to say, the greater the 
effort preparatory to the performance of the work, such as 
standing or attitude, etc., in comparison to the expenditure 
of the work itself, the greater naturally will be the inaccuracy 
in determining the efficiency of the particular kind of work. 
Thus we see that the actual work of the lumberjack who is 
using his whole body, or of a man walking or running, can be 
computed in regard to its efficiency in terms of energy ex- 
pended over the actual visible work performed much more ac- 
curately than would be the case of a man who uses his hands 
for the performance of certain intricate tasks. 

It is only natural, therefore, that time-and-motion studies 
have developed entirely along observational and empirical 
lines, and not upon calculative methods of mechanical or 
thermodynamic nature. 

There are some situations in orthopedic reconstruction work 
which may serve as corollary. Probably one of the best ex- 
amples is the spastic because here all operative interference to 
procure alignments of the body or to procure stabilization of the 
joints for static functions are merely episodes, and the treatment 
rests almost entirely upon efforts at substitution and re-educa- 
tion. 

To this end we divide the static functions into their compo- 
nents; for instance, in the maintenance of the lordosis of the 
cervical spine by keeping the head erect, the maintenance of the 
lumbar lordosis by sitting, the upright position with the de- 
velopment of the gluteal and abdominal muscles and the exten- 
sors of the knee. These points are embodied in the first pre- 
requisites for the restoration of function in the spastic, namely, 
the re-establishment of upright posture, Fig. 11. The second 
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FIG. 10 FATIGUE IN A POLIOMYELITIC MUSCLE (PROEBSTER); 
EFFECT OF OVERSTRAIN OR NEGLECT 


FIG. 11 WALKING WITH SKIS IN CASE OF SPASTIC PARALYSIS 


objective is to procure the stability of the weight-bearing joint, 
which means that alignment is not only accomplished but also 
maintained, Fig. 12. The third point is the control of active 
muscle equilibrium which presupposes voluntary muscle inner- 
vation and muscle co-ordination, Fig. 13. Finally, the 
fourth objective is the establishment of well-directed voluntary 
motion, and this depends entirely upon training and re-educa- 
tion. The principle under which training and re-education in 
spastics (and for that matter in other locomotor disorders) is 
carried out, has much in common, basically, with the develop- 
ment of occupational efficiency in the work of an individual. 

The first principle of muscle training is that of relaxation. 
Relaxation means that in the attempt to maintain a posture, 
mass movements should be eliminated and only such muscles 
should be innervated as are necessary for the particular func- 
tion. The principle of relaxation underlies all educational 
progress. We have special methods for very young children, 
especially babies. 

The next principle is that of alternation, i.e., the principle 
of using independently the extremities or part of the extremities. 
It is often observed in spastics that the so-called concomitant 
movements dominate the locomotor acts, where a single ex- 
tremity cannot be moved without the other moving with it. 
These concomitant movements may appear as full-fledged athe- 
totic Movements or they may appear in spasms. We have 
learned recently in the study of infantile paralysis that spasm 
is a widespread phenomenon even in apparently nonparalyzed 
muscles. 

Afflicted children are taught the principle of alternation and 
with it the principle of rhythm. Very often we have to avail 
ourselves of the so-called conditioned reflexes, that is, alter- 
nation must be elicited, not by the inherent sense of rhythm 
which is often distorted and disturbed in the spastic, but by 
auxiliary senses, for instance, the eyeortheear. Consequently, 
we use counts, victrolas, etc., to aid in rhythmic motion. 

The third principle which we observe in the re-education of 
spastics is the so-called principle of automatism, which is the 
most important of all. The premise of this principle is a satis- 
factory degree of (1) relaxation, and (2) alternation, such as we 
seeinthe gait. Here also, we have recourse to the introduction 
of conditional reflexes, auditory reflexes from phonographs, or 
regional reflexes which should substitute for the propriorecep- 
tive reflexes that normally operate in muscles and joints. 
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FIG. 12 sECURING STABILITY 


OF WEIGHT-BEARING JOINT 


SECURING CONTROL OF ACTIVE MUSCLE 
EQUILIBRIUM 


FIG. 14 PEG-AND-BLOCK METHODS FOR TIMING MOTION 


The final point in training is the timing. First, the educa- 
tion progress itself must be timed. For instance, under 1 year 
it is recommended that gross motor co-ordination involving 
large joints should be tried in the preschool years to accom- 
plish speech, standing, walking; in the primary school years, 
finer co-ordination such as roller skating, skipping ropes, should 
be tried in spastic cases. 

Next, the motor act itself must be timed, because it becomes 
impractical and useless unless performed in reasonable time. 
So far as the timing of the specific motions is concerned, we have 
for many years instituted certain standard methods, such as peg 
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FIG. 15 BLACKBOARD EXERCISES FOR DEVELOPING SPEED AND 
ACCURACY IN MOTION 


FIG. 16 PEGBOARD EXERCISE 


FIG. 17 BASKET, CHAIR, AND OTHER WEAVING EXERCISES 


FIG. 13 EXAMPLES OF 

of 
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and drill methods, in order to ascertain and to develop speed 
and accuracy in motion. There is, of course, a tremendous 
possibility for variations and introduction of new factors, Figs. 
14‘to 19. 


ConcLusION 


In conclusion, I believe that efficiency studies of human loco- 
motion, whether they cover the field of physical training, indus- 
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FIG. 18 FUNCTIONAL END-RESULT CHARTS FOR CASES OF INFANTILE 
PARALYSIS 


trial efficiency, or orthopedic reconstruction, all stem from a 
common basic science, the mechanics of locomotion. It makes 
no difference whether the motor act is still within possibility of 
calculation or whether by its complexity or intricacy it has 
eluded mathematical computation and therefore depends for 
its solution upon trial-and-error methods. It may still become, 
someday, amenable to mathematical analysis; and it always 
will be a special case in mechanics. 
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FIG. 19 FUNCTIONAL END-RESULT CHARTS FOR CASES OF TRAU- 
MATIC CLAW, AND BIRTH PALSY 
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Lubrication Characteristics of Involute 


Spur Gears 


A Theoretical Investigation 


By E. K. GATCOMBE,' CAMBRIDGE, MASS. 


In this paper the lubricating-oil wedge which separates 
the tooth surfaces of involute straight spur gears is ana- 
lyzed mathematically. Expressions are derived for the 
pressure distribution, the maximum pressure, the mini- 
mum thickness, and the load-carrying capacity of the 
wedge for any phase of mating. The equation for the 
load-carrying capacity may give guidance to gear designers 
and to gear operators who are conscious of the importance 
of lubrication in their fields of work. 


NOMENCLATURE 


The following nomenclature is used in the paper: 
12 ual 2rho 
ho? 
h = vertical distance between rotating cylinders 


ho = minimum oil-wedge thickness 
Op 

h* = that value of h where — = 0 
or 


kyo = 1.30 
* 
by definition 
0 
p = pressure 
P = pitch point 
Q = flow across any cross section parallel to y direction 


rile 


r, and r; = radii of curvature of tooth profiles 


R, and R; = pitch radii of gears 


S, = particular value of S = 30 deg 
T = torque 


U, and U; = peripheral velocities of rotating cylinders 
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U,+ U2 
»— by definition 


u,v, and w = co-ordinate velocity components 
ro = effective width of band of contact 


a = pressure angle 


o? 
Vv? = — + — + =, = Laplacian operator 
Oz? oy? Oz? 


u = viscosity 


ue = Viscosity at atmospheric pressure and stated tem- 
perature 


u, = value of » with reference to the x direction 
w = angular velocity 
p = density 


wv oOo 


INTRODUCTION 


In general, experimental work on gears indicates the de- 
sirability of the establishment and maintenance of an oil 
wedge between gear-tooth surfaces for the mating period, 
if certain types of wear are to be minimized. In this paper we 
shall show, through the use of the hydrodynamic theory (subject 
of course to certain assumptions), that an oil wedge of a reasona- 
ble minimum thickness may be established for each mating 
phase. This wedge, the formation of which depends upon the 
combined action of several factors such as the viscosity of the oil, 
the tooth curvature, load, and velocity, may either partially or 
completely separate the tooth faces during the period of mating. 


PROCEDURE 


The general procedure shall be to state and to solve the equa- 
tions of viscous fluid motion into which have been incorporated 
the combined effects of all the variables which govern the estab- 
lishment of the wedge. 

Specifically, we shall state the equations of viscous fluid motion 
in which the viscosity shall be considered a function of the pres- 
sure (the temperature assumed constant). These general equa- 
tions, the complete solutions of which are difficult to obtain, shall 
be simplified by making certain assumptions and by neglecting 
certain relatively smallterms. The resulting equations of motion 
shall then be solved and expressions obtained for (a) the pressure 
p at any point in the wedge, (b) the maximum pressure pmax 
within the wedge for any particular phase, (c) an expression for . 
the load-carrying capacity F of the wedge, (d) the minimum 
thickness hy of the wedge, (e) the effective width z» of the sup- 
porting band of contact. Experimental test data on gears which 
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have been recorded in the literature shall then be checked through 
the use of these expressions to show that an oil wedge existed and 
lubricated the tooth surfaces during the mating period. 


Equations oF Motrion—Viscosiry ASSUMED CONSTANT 


Fig. 1 shows the elements of a pair of mating spur gears. Fig. 
2 shows an elementary cube of oil of the wedge in Fig. 1, with 
the stresses indicated on the positive faces of the cube. The z 
and y axes are taken in the plane of rotation of the gear set, and 
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the z direction is at right angles to the plane of rotation of the 
gears. 

The equations of viscous-fluid motion in which the viscosity » 
is considered constant, have been developed in a number of refer- 
ence books among which is one by Horace Lamb (1).2 While 
these equations of motion are written here, the usual details of 
development have been omitted. The equations are as follows 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Equations [1] indicate the state of stress at each and every point 
throughout the fluid under consideration and must strictly apply 
to those problems in which there is no variation in », since in 
their development, u is considered constant. 

However, in many practical problems, there are large variations 
in the viscosity, since it may vary with temperature and pressure. 
Thus the development of the equations of motion in which yu is a 
function of the pressure shall follow. 


Equations oF Morion—Viscositry ASSUMED VARIABLE 


If, in the development of the equations of motion, we consider 
ua function of the pressure, we may write the following equations 


Ou Ou 


Or Or 


ov ou Ou Ow\du 
ou Ov Ou 


2 
— = v2 —_ -9— 2—— 


ou Ou Ow 
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Ow Ou 


Oz Oz 


ow Ow  w\ 


oy 
SIMPLIFICATION OF EQUATIONS OF MOTION 


The following assumptions shall be made which will cause some 
simplification in the equations of motion: 

1 Steady state. 

2 Incompressible fluid. 

3 Flow in the z direction is zero. 

4 Temperature constant. 

5 Inertia-force components are negligible, since they consist 
of product terms of relatively small quantities. 

Further steps in the simplification of Equations [2], [3], and [4] 
may be gained by neglecting certain relatively small terms. Let 
us refer to Fig. 3, in which is represented the region of contact- 
surface profiles of two mating teeth. These profiles may, to the 
first order of approximation, be represented by circular arcs. 

Let h be the vertical distance between the arc profiles for any 
phase of the mating period. Further, let zo be that value of z 
which is large compared with the corresponding value of h. Such 
values exist in these thin-film problems. It may now be seen 
from a consideration of streamline motion within the wedge that 
the ratio of v to u is of the same order of magnitude as the ratio 
of h to x. Written symbolically 
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ov v v : 
-~— and ~ in this paper must be assumed to be those in which — is small 
Or Zo Ox? Xo? oy 
du ‘ du 2 ou compared with 2 It will then be seen that 
x 
an 
= ~ and Ox Or max 
oy oy? he? max 
Thus oy? 
= But is approximately equal to ; thus 
dr? h? Mz max IS Ap} ately eq Mmax; 
dy? Xo? max Xo? 
Ou Ou 
The term — may therefore be neglected. Hence the term 2 — — may be neglected. 
dr? Ox Or 
Simi du dv O, 
Similarly It is also seen that oe and io may each be neglected. 
ov oy Ox Oy Oy 
, The equations of motion may now be written in the following 
or h simplified form 
Ou Io? 
oy 
oz oy? | 
ov 
Thus the term — may be neglected. = 
ox oy dy? Oy Or 
dv 
Likewise the terms — and — may each be neglected. Op _ 0 | 
Ox? or 


It is clear that there is a certain group of problems in which y 
is constant. For this group 


op 
dy v 
op 


Further, it is clear that even with a variable viscosity, there 
OP. 
is a second group of problems in which = is small compared with 
op 
on” 
is attached to the word ‘“‘small.”’ 


The limits of this group become fixed once a specific meaning 


The investigations carried out 
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ra) 
Thus for that group of problems in which sd is small compared 
y 


with os the pressure p may be regarded as a function of z only. 


PRESSURE BETWEEN Two RoratriInG CYLINDERS WHICH ARE 
SEPARATED BY AN O1L WEDGE 


It will be recalled that circular arcs were assumed for the mat- 
ing-tooth profiles in the region of contact for any particular 
phase of the mating period. We have assumed “steady-state 
conditions.” This means that for any phase of contact we have 
substituted for the contact surfaces those circular cylindrical sur- 
faces whose radii are the radii of curvature of the tooth profiles 
in the region of contact, and whose angular velocities are constant 
and equal to the angular velocities possessed by the gears. 

Our problem is now reduced to that of finding (a) the expression 
for the pressure p in the wedge which separates two cylinders 
rotating at constant angular velocities, (6) the expression for the 
maximum pressure Pmax of the wedge, (c) its load-carrying capac- 
ity F, (d) its effective width of the supporting band of contact. 
We need to solve the first equation of Equation [5] to obtain the 
results desired in parts (a), (b), (c), and (d). 

The first equation of Equation [5] is 


the solution of which is 


1} /o 
(32) + Cy + [6] 


The boundary conditions are as follows: 
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*, and U, being the peripheral velocities of the eylinders. 
The solution now becomes 


Op 
2 
Qu E + — he) 


Uihe + 


- Ue) 
h 


The flow across any cross section parallel to the y direction will 
be denoted by Q which is given by 


By substituting in Equation [8] the value of u found in Equation 


{7] and performing the integration we find that 


Upon rearranging terms we may write 


Q (U; + U2) 


2h 
Now, to the first order of approximation 


x? 
h = —— 
ho (: + 


and r; and rz are the radii of the cylinders. Equation [10] now be- 


comes 
U, + U2 


+ 
— 2\3 2\2 


2rho 2rho 


re) 
Now there is a value of z for which = = 0. At this value of 


x Equation [7] becomes 


+ 
Ui + Ud 


Equation [12] shows that u is linear with y at the section where 
re) 

0. Therefore 

ox 


fo) 
where h* is the value of h at the section where na = 0. 


Upon substituting the value of Q from Equation [13] into 
Equation [11], we note that Equation [13] may be written as 
follows 


(Ui+U» 


Let the ratio : be indicated by K;, and let 
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U, + Us 


U 


Equation [14] is then written as 


x? \2 


We may now make a change of variables by letting 


== V/ 2rh, tan S 


Equation [15] now becomes 


1 Op 


as = V (Ky, cos? S) 


The viscosity u is a function of the pressure in the fluid. Ex- 
periments by Hersey and Shore (2), the results of which are 
quoted by Needs (4), show that for pressures up to several thou- 
sand atmospheres 


= (approx) 


Equation [18] indicates that the viscosity « at any pressure p and 
temperature ¢ is approximately equal to the viscosity u, at atmos- 
pheric pressure, and the same temperature t multiplied by (10)”*. 
The symbol 6 indicates the slope of the pressure versus logarithm 
of viscosity curve. Inserting » = 4,(10)”° in Equation [17], the 
following equation may be written 


V/2rhe 


h % 


(10)-"dp = (K, cos‘ S — cos? S)dS.. . [19] 


wg [20] 


Equation [19] then becomes 


dp 


= G(K: cost S — cos? S)dS [21] 
e 


Integration of Equation [21] yields 
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The constant C; is evaluated for the boundary conditions 


= S= + 
p = Oat 


It will be noted that the wedge pressure p is assumed to be 
zero at S = + : rather than atmospheric. This assumption is 


valid since it is observed that the atmosphere would simply ele- 
vate the value of p throughout the wedge by a certain small value; 
this value will then be shown to be small compared with the pres- 
sure created in the wedge independently of the atmospheric ac- 
tion. 


For p = Oat S = + = it is found that 
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For p = Oat S = — 9? it is found that 
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The expression for the pressure p now becomes 
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The maximum pressure occurs at 


The maximum pressure is given by 


1 1 
" (5, Inl0 16 ) | [24] 


WepaGinGc Force Between Two Roratina CyLinpERS WuicH 
ARE SEPARATED BY AN OIL 

The wedging force, created by the pressure in the film which 
separates two rotating cylinders, is given by the integral of the 
pressure function p(z) (see Fig. 4), between the limits — ©. and 
+o, However, experiments show that lubricants are incapable 
of creating or sustaining the tension stresses indicated by that 
portion of the graph below the z axis in Fig. 4. 
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Thus, the absolute pressure will be atmospheric for any point 
in the interval — to zero. The wedging force will then be ob- 
tained by integrating the pressure function over the interval 0 = 
z= o (see Fig. 5). 

Symbolically, the total wedging force is given by 


F, 


We may express Equation [25] in terms of the variable S as 
follows 
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Then the expression for the wedging force is 
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INTEGRATION OF EQUATION FOR WEDGING ForcE— 
APPROXIMATE SOLUTION 


Considerable difficulty would be experienced if one attempted 
to obtain an exact analytical solution of Equation [28]. An ap- 
proximate solution may be obtained by a number of methods, 
among which are (a) graphical, (b) interpolation. A detailed 
solution of Equation [28] by each of the methods (a) and (8) is 
given by the author (5). The solution of Equation [28] by the 
interpolation method is given herewith, the details employed being 
omitted. In general the steps employed are as follows: 

Several characteristic features of the f(.S) function are observed, 
such as 


(a) f(0) =0 
G In 10 V2 rhe 


(6) f'(0) = 3 


(c) f (x) = y where y is maximum value of f(S) which occurs at 


S=+ ~ (approx) 
6 


(a) () =0 
(5) 
(f) f’ (:) =@ 


These features are then incorporated in several terms of a 
series, and in the terms of the derivative of the series. 

The several linear equations containing the incorporated 
features are then solved to determine the unknown coefficients 
of the series terms. 

An expression is next written for the function f(S) in terms of 
the series. 

A simple integration then yields the desired value of the inte- 
gral. The approximate solution of Equation [28] is 
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Loap-CARRYING CAPACITY OF FILM 


Equation [29] indicates the load or force F, which can be sup- 
ported by the wedge that separates two rotating cylinders. It 
will be recalled that this force F, is the force which maintains 
separation of the tooth surfaces during the mating period. Force 
F,, acts approximately along the line of action of the gear teeth. 
Thus, it has an effective torque force of F, cos a. It is also seen 
that, in most sets of gears, more than one pair of teeth are mating 
at any given instant. For example, one pair may be beginning 
its mating period at the same instant another pair is at the pitch- 
point phase, and still another pair may be finishing its mating 
period. Now each mating pair of teeth has a supporting film 
which carries its certain share of the total gear torque. It will 
be found advantageous to express the average supporting action 
of the wedge (considering all phases of any mating period) in 
terms of the supporting action for the pitch-point phase. The 
author investigated a number of tooth profiles and found that 
the ratio of the average supporting action of the wedge to its 
value for the pitch-point phase, denoted by ko, was approxi- 
mately 1.30. 

The average number of pairs of teeth, interpreted in terms of 
average length of contact lines, denoted by L,, making simultane- 
ous mesh, can be found from the geometry of the gears. 

Upon incorporating these three factors (a) effect of the pressure 
angle, (b) the ratio of the average supporting action of the wedge 
to that of the pitch-point phase, (c) the average length of contact 
lines of the teeth making simultaneous mesh, in Equation [29], we 
may write the following final expression for the load-carrying 
capacity of the wedge per unit face width of the set of gears 


4. 7G in 10 


F = kek 
15 


In Equation [30] F is the pitch line component of the total sup- 
porting action of the oil wedge per unit face width of the set of 
gears. The value of ko may be taken as 1.30. Length L, is the 
average length of contact lines of the teeth making simultaneous 
mesh; a is the pressure angle. 
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y= 3 V 2rho X Pmax 
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= 0.0000874 (psi) 
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where pmax is the maximum pressure in the oil wedge for the pitch- 


point phase. 
12 4, U V 2rho 
2 


G= ho 


rile 


= 
r+ re 


Before citing an application of Equation [30], it will be found 
convenient to plot graphs (see Fig. 6), showing the functional 
relationship between the three quantities, G, pmax, and 4. 

Equation [24] shows that this functional relationship is 


V3 
mz = — — Gs 
| (a InlO 16 )| 


MINIMUM THICKNESS OF OIL WEDGE AND EFFECTIVE WIDTH 
oF BAND OF CONTACT 


The minimum thickness denoted by ho of the oil wedge is its 
thickness (measured in the y direction) atz = 0. The following 
expression may be used to calculate ho 


3 /2r(12 


It is shown by the author (5) that the pressure in the wedge dies 
off to a negligible quantity compared with pmax (in computing 
supporting capacities) at a short distance (measured along the 
z axis) from the origin. Thus the effective width of the support- 
ing band of contact may be taken as the distance from S = 0 to 
S = 85 deg, approximately. 

The expression for the effective width of the supporting band 
of contact is then 


Zo = V 2rho tan 85 deg 
ProcEDURE IN APPLYING Equation [30] 


To check the load-carrying capacity of a pair of gears from the 
point of view of lubrication alone, Equation [30] is used as fol- 
lows: 


1 Select an oil of a known viscosity 

2 Compute L, from the geometry of the gears 

3 Choose a value of the maximum permissible surface pres- 
sure, Pmax, and find the corresponding value of G from the 
graphs similar to those of Fig. 6 
Compute the value of ho from 


2r(12 


Compute the value of y from 
y= 3 V/ 2rhe 4 Pmax 


Solve Equation [30] for the load-carrying capacity of the 
pair of gears. 


APPLICATION 


ProsBLEM No. 1 


Data. The following straight spur pinion and gear have the 
same dimensions, physical properties, etc., as a pair of helical 
spur gears which are used on one of the gear-reduction units 
manufactured by the Westinghouse Electric and Manufacturing 
Company. This pair of gears when checked by Buckingham’s 
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(6) “strength and wear equations” is found to be well designed 
and proportioned to transmit approximately 9 hp at a pinion speed 
of 1750 rpm. 
Pinion: 

3140 S.A.E. steel 

Width of face = 1.625 in. 

Pitch diameter D; = 2 in. 

20 deg involute stub teeth 

Diametral pitch p’, = 12 

Brinell hardness number = 325 

Oil-quenched and drawn at 900 F 


Gear: 

1045 S.A.E. steel 

Pitch diameter D, = 10 in. 

Brinell hardness number = 250 

Oil-quenched and drawn at 1000 F 
Lubricating oil—Mobiloil A (see Hersey and Shore) (2) for which 
= 5.5 X (10) lb-see/sq in. at 95 F and 6 = 0.0000874 (psi) ~!. 
Class-three gears are assumed. 


Solution: 

1 ype = 5.5 X (10)~* lb-see/sq in. at 95 F 

2 From geometry of gears, it is found that 
L, = 1.23 in. per in. of face width 
ky = 1.30 

3 Maximum permissible surface compressive stress of 56,000 
psi will be selected for pmax 

4 U =r, = 0.342 X 183.3 = 62.6 ips 


nor: 0.342” 1.71 
therefore 
r = 0.29 in. 
2r (12 
ho = — 
X 0.29 [12 x 5.5 X (10)-* x 
(46,000)? 
= 0.0000168 in. 


5 Maximum value of f(S) is 


4 
=y= 2rhe xX Pmax 


4 
V2 X 0.29 x 0.0000168 56,000 


= 232 lb per in. 
6 Load F is given by 


81 
F = a — ( 


rG In 10 V2 


24 \ 20 15 


x 232 


‘ 0.94 
1.30 x 1.23 x xX 4 20 


15 


197 lb per in. of face width 
F = 197 X 1.625 = 320 lb for total face width 


This corresponds to a transmitted horsepower of 


320 X 1 X 1750 
63,030 


T rpm 
63,030 


Hp = 8.9 (approx) 


183 


Thus, it is seen that the wedge can create within itself sufficient 
pressure (56,000 psi maximum) to transmit the required torque 
load, while maintaining a minimum wedge thickness of 0.0000168 
in. This is a reasonable wedge thickness as was shown by Kare- 
litz (7) in his research on heavily loaded bearing surfaces. 

The effective width of the supporting band of contact for this 
example is 


to V2 rho tan 85 deg 
= 0.0031 11.43 
= 0.0355 in. 


If we now assume that this same set of gears transmits the same 
horsepower, namely, 9 (approximately) at a reduced pinion 
speed of, say, 1160 rpm we shall find that the minimum wedge 
thickness will be reduced and that the pmax is approximately 
doubled, with a decrease in the effective width of the supporting 
band of contact. 


PROBLEM No. 2 


Data. Same as in Problem No. 1, but the pinion speed has 
been reduced to 1160 rpm. 
Solution: 
1 pe = 5.5 X (10)~* lb-see per/sq in. at 95 F 
5 = 0.0000874 (psi)! 
2 From geometry of gears, it is found that 
L, = 1.23 in. per in. of face width 
ko = 1.30 
3 A maximum permissible surface compressive stress of 
100,000 will be selected for pmax 


f0.58[12 x 5.5 x (10)-* x 
(46,100)? 


= 0.0000127 in. 


5 = 1.33 0.58 X 0.0000127 x 100,000 
= 361 psi. 
1 4 2. 
(= x X 46,100 3 x0 wer) 


= 300 lb per in. 
F = 300 X 1.625 
= 487 lb for total face width 
This corresponds to a transmitted horsepower of 
TXrpm 487 X 1 X 1160 
63,030 63,030 
The effective width of the supporting band of contact is now 
to = V2 rho X tan 85 deg 
= V2 xX 0.29 X 0.0000127 x 11.43 
= 0.0311 in. 

We thus see that the maximum pressure in the wedge (assuming 
that the equations involved in the computations still hold for such 
high pressures) may be in the neighborhood of the surface endur- 
ance limit of the gear material. 

It also will be of interest to show the following solution of this 
problem when a higher oil-wedge temperature is assumed: 


Hp = = 9 (approx) 


PrRoBLEM No. 3 


Data. Same as in Problem No. 1, except that the temperature 
of the Mobiloil A is now assumed to be 199 F. 


Solution: 
1 ue = 0.258 X (10)~* Ib-see/sq in. at 199 F 
6 = 0.0000414 (psi)! 
2 Average length of contact lines is 


— 
| 4 
|_| 
21 = 41.4 ips 
342 121 = 
= 0.342 > 
4 U =r w, 
Se 
| 
: 
rho 


TRANSACTIONS OF THE A.S.M.E. 


L, = 1.23 in. per in. of face width 

ko = 1.30 

A maximum permissible surface compressive stress of 
206,000 psi will be selected for pmax 
The corresponding value of G is 

G = 97,100 psi 

U om 

r= 
f2r(12 U)? 

0.2912 x 0.258 x (10)~* x 62.6] 5 
(97,100)? 
= 0.00000132 in. (A dangerously small value) 


3 2rho Pmax 


= 1.33 V2 X 0.29 X 0.00000132 x 206,000 


= 239 lb per in. 
10 V2 rho 
(8! 15 ) 


X 239 
0.197 


ho = 


20 


4 97,100 X 2.3 X 
15 


198 lb per in. of face width 
F = 198 X 1.625 = 324 lb for total face width 


This corresponds to a transmitted horsepower of 


1 324 X 1 X 1750 
63,030 


It will be observed that the wedge is extremely thin for this high- 
temperature consideration, and that the maximum pressure is 
very high (206,000 psi). It is likely that the wedge would be 
broken down because of the extreme thinness of the wedge and 
to the tooth-surface roughness. This would suggest the use of 
a lubricating oil with a relatively higher viscosity. 

Further insight into this lubricating problem may be gained if 
we show calculations for the foregoing calculated quantities 
based on castor oil as a lubricant. 


= 9 (approx) 


PROBLEM No. 4 


Data. Same as in Problem No. 1, except that the lubricant is 
now assumed to be castor oil at 92 C. 


Solutton: 
1 yu. = 0.35 X (10)—§ Ib-sec/in.? 
5 = 0.0000397 (psi)~? 
2 Average length of contact lines per inch of face width 
L, = 1.23 in. 
ko = 1.30 
Maximum permissible surface compressive stress of 82,000 
psi will be selected for pmax 
The corresponding value of G is 
G = 101,000 psi 
U = To, = 0.342 X 183.3 = 62.6 ips 
0.29 in. 
f2 x 0.29[12 x 0.35 x (10)-* x 62.6]? 3 
(101,000) 
= 0.00000734 in. (Film might not break down) 
226 Ib per in. 
200 lb per in. 
= 220 X 1.625 = 325 lb for total face width 
This corresponds to a transmitted horsepower of 
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Hp = 9 (approx) 
It is seen that the castor oil would provide a better wedge than 
would the mineral oil at this high temperature. 


CoMmPARISON WitH RESEARCH WorK 


In an anonymous paper (8), an investigation was reported of 
the lubricating wedge which separated the surfaces of an involute 
spur pinion mating with a straight sided rack tooth. The radius 
of curvature of the pinion tooth was 2.749 in. for the phase con- 
sidered. The pressure angle of the tooth was 14!/2 deg. The 
teeth were lubricated with an oil having a viscosity of 0.70 poises. 
The author did not give sufficient information for the exact calcu- 
lation of 6 for this oil, but an approximate value may be obtained 
from the work of Hersey and Shore (2), if we assume that its 
5 corresponded to that of Veedol medium, for which 6 = 0.0000714 
(psi)~!. The tooth load per inch of face width was 267 lb. The 
speed U with which the pinion tooth profile rolled over the rack 
tooth was 243.6 ips. The author, considering that the film of one 
pair of teeth carried the total load of 267 lb per in. of face width, 
found a minimum film thickness ho = 0.000124 in., and a maxi- 
mum pressure Pmax = 6376 psi, with a width of the band of contact 
Zo = 0.3000 in. 

Sufficient information has now been given so that a comparison 
(Table 1) may be drawn between the results of the present paper 
and the earlier one (8). 


Prosiem No. 5 


Solution: 
1 yw. = 0.70 X 1.45 XK (10)~5 
= 1.015 X (10)~5 lb-sec/in.? 
6 = 0.0000714 (psi) ~?. 
Average length of contact lines 
L, = 1 in. (load carried by one tooth) 
ko 1.30 
Maximum permissible surface compressive stress of 7300 
psi is selected for pmax. The corresponding value of G is 
G = 39,000 psi. 
U = 243.6 ips (stated roll speed) 
r = 2.749 in. 


he = 2.749112 1.015 x (10)~* x 243.6]? 
(39,000)? 


= 0.000145 in. 
= 1.33 V2 X 2.749 X 0.000145: x 7300 
= 274 lb per in. 
F = 1.30 X 1 X 0.968 
x (81 X 274 


x X 39,000 2.3 x 


20 15 
= 267 |b per in. of face width. 
Results of comparison. 


RESULTS OF METHOD COMPARISON 


ho (in.) xe (in.) 
0.000124 0.3000 
0.000145 0.3240 


TABLE 1 


Author 


Ref. (8) 
This paper 


Pmax (psi) 
6376 
7300 


It is seen that the calculations based upon increased viscosity 
due to pressure gave a thicker wedge than did those of the author 
of the paper mentioned (8), his being based upon constant vis- 
cosity; this could be expected and partially explains why heavy 
loads may be carried by an oil wedge. 


CONCLUSIONS 


1 An oil wedge may be established between the tooth surfaces, 
and its minimum thickness depends upon several factors, such as 
viscosity, tooth curvature, load, and velocity. 
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2 The wedge may be broken down when its minimum thick- 
ness becomes approximately equal to the surface roughness. 

3 The time element is important in the maintenance of a film 
in that it tends to govern the amount of end flow. Prof. E. 
Buckingham recently pointed out to the author that the time 
element for the pitch-point contact phase was a relatively long 
one. This fact might cause the film to become very thin or even 
broken down for the pitch-point contact phase, depending upon 
the length of period required for such a breakdown. 

4 The maximum pressure in the wedge may approximate the 
value of the surface endurance limit of some gear materials. 

5 This maximum pressure for any phase can be changed by 
altering any one or the combination of the following factors: 
Viscosity, tooth curvature, load, and velocity. For example, a 
low-viscosity lubricant will carry the same load as a high-viscosity 
lubricant only at the expense of a relatively thin wedge thickness 
and a relatively narrow band of contact, causing large maximum 
wedge pressures. Further, the relatively thin film thickness car- 
ries with it the danger of metal-to-metal contact. The involute 
internal gear might be cited as an example in which the effect of 
tooth curvature on the load-carrying capacity is important. 
In the internal-gear set, the lubrication problem is known to be 
a comparatively satisfactory one. The relative radii of curvature 
with convex-concave mating surfaces might well account for the 
relatively great width of the band of contact, relatively large 
minimum wedge thickness, low maximum wedge pressures, and 
thus satisfactory lubrication. This is not necessarily true for the 
cycloidal-gear set, because of the critical pitch-point contact 
phase with its small radii of curvature. 

6 The author (5) investigated the load-carrying capacity of 
the wedge for involute helical spur gears and found that the heli- 
cal spur gear could transmit approximately 1.18 times as much 
load as a similar straight spur-gear set, depending, of course, upon 
the physical dimensions of the set. 

7 The temperature in the wedge may reduce the viscosity 
and thus increase the maximum pressure for any given set of 
conditions. Mr. M. D. Hersey points out that there may be 
an intensified viscosity of the lubricant near the boundary of 
such thin films. Both of these points require further investiga- 
tion. 
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Discussion 


P. H. Biack.* The author has made an important contribu- 
tion to the theory of gear-tooth action. It is shown in his paper 
that a pressure can be developed in the fluid film that is of suffi- 
cient magnitude to support the transmitted load, and that the 
calculated minimum thickness of the film compares favorably 
with experimental results. 

The minimum film thickness in the examples is of an order of 
magnitude that may be found in the accumulated deviations of an 
actual gear tooth from the ideal form assumed in the paper, so 
that boundary conditions may replace those of a fluid film. The 
deviations may be due to surface roughness, unequal tooth spac- 
ing, or tooth deflections, and may be aggravated by dynamic loads. 
In addition, the effect of temperature rise in the film due to the 
friction of relative motion of the mating surfaces may be so high 
that the viscosity of the lubricant is reduced materially. The 
effect of this reduction in viscosity would, as the author infers 
in his conclusions, further reduce the film thickness. It has been 
reported by H. Blok‘ that for boundary-lubrication conditions the 
temperature may rise an average of 170 deg F above the mean 
level of the temperature of the teeth. 

A theoretical treatment including the foregoing actual condi- 
tions may be impraetical so that an experimental approach to a 
study of the conditions existing in lubricated gear teeth may be 
the logical step to complete the author’s very valuable theoretical 
analysis. 


J. T. Burwe The substitution for the actual gear- 
tooth surfaces of circular cylindrical surfaces whose radii are the 
radii of curvature of the tooth profiles in the region of contact and 
whose angular velocities are constant and equal to the angular 
velocity of the gears themselves, appears to be an ingenious 
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Engineers, 1937, pp. 222-235. 
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method of solving analytically an otherwise complicated prob- 
lem. 

Several of the problems which are worked out in the paper as 
applications of the theory show that the required torque load 
can be maintained by the gear teeth with a reasonable minimum 
oil-film thickness. However, the definite improvement in per- 
formance which can be obtained through the use of extreme-pres- 
sure additives whose mechanism of operation is not hydro- 
dynamic indicates that even in this range of oil-film thickness 
certain nonhydrodynamic factors must be considered. 

In his conclusions the author notes that the time element is 
important in the maintenance of a film. In this connection 
A. F. Underwood recently presented a paper before the Society on 
the contribution of so-called “squeeze oil films’ to the load-carry- 
ing capacity of dynamically loaded bearing surfaces. It would 
seem that due to the motion of the point of contact along both 
the gear-teeth surfaces during the mating phase, the ‘‘squeeze 
film”’ concept should also be applied here and it would be of in- 
terest to include in this analysis calculation of the time taken to 
squeeze out the oil which is caught between the two teeth sur- 
faces. 

A final point concerns the 4,, which is defined in Equation [18] 
of the paper as the viscosity of the lubricant at atmospheric 
pressure and temperature 7. In the analysis it is assumed that 
ug is a constant, i.e., independent of the space variables z and y. 
Actually, heat will be developed locally in the oil as it enters the 
wedge due to compression and shearing action and the tem- 
perature will rise locally with a resultant reduction in wu, as 2 
decreases to the point of minimum wedge thickness. Con- 
sequently, the viscosity in the wedge although increased by pres- 
sure will not be as great as calculated in the present analysis and 
the theoretical load capacity will probably not be as great. 
This is a difficult problem to treat analytically but it is believed 


that a better approximation than that of constant », could be 
made. 

The present paper work is, however, a very good beginning in a 
relatively new field and further work in the direction of more com- 
pleteness of the present analysis and of extension to other types of 
gears is much needed. 


Harry ENGVALL’ AND ALEXANDER HAMMER.’ The method 
developed in the paper makes possible the calculation of the 
minimum thickness of the oil wedge and the maximum pressure 
existing within the wedge, as well as the effective width and load- 
carrying capacity. 

Because of uncertainty as to the actual temperature of the oil 
and therefore of its viscosity, the values calculated by means of 
this method must not be treated as absolute but only as relative 
values, and it is necessary to relate them in some way to past 
experience. For this purpose it would seem possible to tie 
them in with the conventional ‘‘K factor,’’ now widely used as a 
basis for design, K being equal to x a , where F denotes 
tooth pressure per inch of face width, D the pitch diameter of the 
pinion, and R the reduction ratio. Assuming a reasonable tem- 
perature for the oil wedgé and assuming that the maximum pres- 
sure within the wedge is equal to the surface endurance limit of 
the material used in the gear, a corresponding K factor can be cal- 
culated which would then represent the maximum permissible K. 


‘*Rotating-Load Bearings,”” by A. F. Underwood, presented at 
the Annual Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944, of THE 
AMERICAN Society OF MECHANICAL ENGINEERS. 

7 Assistant Chief Engineer, Helical Gear Division, De Laval 
Steam Turbine Company, Trenton, N. J. Mem. A.S.M.E. 

§ Research Engineer, De Laval Steam Turbine Company, Trenton, 
N. J. Mem. A.S.M.E. 
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In an effort to obtain this correlation a number of specific 
cases were investigated at 150 F oil-wedge temperature. It 
was found that for the same pressure in the wedge, a high-speed 
gear had a distinctly higher permissible K than a low-speed gear. 
This would indicate that, for instance, in the case of a double- 
reduction gear, the first reduction could be designed for a sub- 
stantially higher K factor than the second reduction. In con- 
firmation of this, experience has shown that wear and pitting are 
more prevalent in the second reduction gears than in the first 
reduction when designed to approximately the same K values, 
and the tendency has therefore been, purely on an empirical 
basis, to allow higher K factors in high-speed gears. 

There is one detail in the author’s examples which calls for 
some clarification. The value of 6 in problem No. 3 is given as 
0.0000414 (psi)~!. Study of the Hersey and Shore data® leads to 
a value of 0.0000759 (psi)~! for 93 C or 200 F, as can be easily 
checked from Fig. 7 of this discussion, which is reproduced from 
reference (2),° with an added curve for 150 F interpolated by the 
writers. The difference in these values has a serious effect on 
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the results of the calculations and if, as appears to be the case, 
the author’s value is incorrect his results are also invalid. The 
corresponding curve in his Fig. 6 is then incorrect also. 

This point is brought up simply because this paper is of real 
value and for the sake of those who may study it in the future, 
all the details should be correct. With further study and cor- 
relation with experience, possibly by means of empirical factors, 
the author’s method offers real promise of being an important 
design tool. 


D. D. Futter.” The author in this contribution to the hy- 
drodynamic theory of lubrication includes in his analysis the 
effect of pressure on viscosity. Stanton! was one of the first to 
report on this phenomenon in his account of a very interesting 
experiment where the pressure distribution was measured in a 
heavily loaded journal bearing. 


® Author’s Bibliography (2). 

10 Department of Mechanical Engineering, Columbia University, 
New York 27, N. Y. Jun. A.S.M.E. 

11 “Friction,” by T. E. Stanton, Longmans Green & Co., New 
York, N Y., 1923, pp. 102-104. 
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GATCOMBE—LUBRICATION CHARACTERISTICS OF INVOLUTE SPUR GEARS 


Plotting these pressures against 0, the angular distance around 
the bearing, a curve was obtained from which several values of 


7 were determined. Then using Harrison’s equation'™? 


dp c(cos@ — cosé*) 
m? (1 — ¢ cos 6) 


as applied to journal bearings of infinite width (with the usual 
assumptions of constant viscosity, etc.) simultaneous equations 
were found which evaluated such unknowns as C, eccentricity 
of the journal in the bearing, and yu, the viscosity. In one typi- 
cal test the average value of the viscosity obtained in this manner 
was 25 per cent greater than the viscosity computed on the basis of 
temperature change alone. : 

Since that time this concept has been included in a number of 
theoretical analyses, the most recent ones known to the writer 
being an investigation of oil flow through capillary glands by P. 
G. Exline' and the present paper. 

The film thicknesses computed by the author in problems Nos. 
1 through 4 show values ranging from 0.0000168 in. down to 
0.00000132 in. These appear to be less than the thickness gen- 
erally considered as the minimum to maintain fluid-film lubrica- 
tion between highly finished surfaces. Stanton' computed the 
least distance between surfaces of journal and bearing to be 
0.000054 in. 

Needs'* measured the film thickness between optically plane, 
parallel plates forced together for 8 hr or more. This oil-film 
thickness approached values of from 0.00003 to 0.00004 in. 

Karelitz'® computed the minimum film thickness for various 
bearing metals on steel to be from 0.00003 to 0.00006 in. A pho- 
tomicrograph through the cross section of one of these bearing 
blocks showed the height of asperities to be of this same order of 
magnitude. 

The film thicknesses as computed by the author are definitely 
less than the foregoing and offer no guarantee that fluid-film con- 
ditions will be maintained between the gear teeth. Such low 
values only serve to emphasize the ease with which an oil film 
between gears can be destroyed, even during normal operation. 

The fact that this analysis indicates that film thicknesses will 
be found considerably smaller than those usually accepted as 
minimum for maintenance of surface separation might be con- 
strued as a prediction that oil-film breakdown will occur. Such a 
prediction serves as a rough qualitative check on the accuracy of 
the paper itself for it is recognized that most gears wear, and 
wear is indisputable proof (with uncontaminated oil) that film 
breakdown does actually occur. Here then is a rational explana- 
tion of an observed phenomenon. 

Through the medium of this paper the tools are finally availa- 
ble that will permit the designer to adjust the pertinent varia- 
bles until satisfactory gear lubrication is attained. 

For this significant contribution to machine design and to the 
hydrodynamic theory of lubrication the author is to be con- 
gratulated. 


Mayo D, Hersey.'* Can the author briefly outline the main 


12 Friction,” by T. E. Stanton, Longmans Green & Co., New 
York, N. Y., 1923, Equation 10, p. 91. 

13‘‘Formulas for Leakage in Capillary Seals,’’ by P. G. Exline, 
Gulf Research and Development Company, Pittsburgh, Pa., Nov. 6, 
1944. 

14“*Boundary Film Investigations,” 
A.S.M.E., vol. 62, 1940, pp. 331-345. 

18“Oil Film Thickness at Transition From Semifluid to Viscous 
Lubrication,”’ by G. B. Karelitz and J. N. Kenyon, Trans. A.S.M.E., 
vol. 59, 1937, pp. 239-246. 

16 Research Associate in Mechanical Engineering, Massachusetts 
Institute of Technology, Cambridge, Mass. Fellow, A.S.M.E. 
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steps in his derivation of the general equations for variable vis- 
cosity? 

The solutions for Problems Nos. 1 to 4 may be plotted as a family 
of curves in dimensionless co-ordinates from the data given in 
Table 2 of this discussion. Here ho is the film thickness at point 
of nearest approach, D the pinion diameter, Z, the film viscosity 
at atmospheric pressure (elsewhere denoted by ua), N the pinion 
speed in revolutions per unit time, and P the tooth load per unit 
of projected area, this being taken as the ratio of F to the product 
of face width into the pitch diameter of the pinion. The factor 
b, denotes the pressure coefficient of viscosity (fractional increase 
in viscosity per unit increase of pressure) evaluated at atmospheric 
pressure, or 2.3 6. 


TABLE 2 FILM-THICKNESS RELATIONS 
Problem bP 


.0 
9 


The data for Table 2 have been expressed in the most con- 
venient units, ho in microinches, D in inches, Z; in newtons (mil- 
lionths of a pound-second per square inch), N in revolutions per 
minute, P in pounds per square inch, and 6;P in per cent. 

From the chart so obtained it appears that the film thickness 
increases almost in proportion to the square root of Z,N/P, as 
if the action were similar to that of thrust-bearing shoes. Two 
curves may be plotted at constant values of bP, each passing 
through the origin. One curve is drawn for b;P equal to 2 per 
cent, the other for a mean value of 0.93 per cent. The curve 
for the higher value of b,P lies approximately twice as high up as 
the other, showing the importance of the viscosity-pressure effect 
in augmenting load capacity. 

The same chart is applicable to all pairs of gears that are 
geometrically similar regardless of size, provided elastic deforma- 
tions and temperature inequalities are negligible to the approxi- 
mation required.” Other performance ratios, such as pmax/P, 
for example, could be plotted in the same way. Thus the au- 
thor’s method of solution by which the change in viscosity of oils 
under pressure is taken into account opens a new and useful ap- 
proach to the theory of gear lubrication. 


AUTHOR’s CLOSURE 


The welcomed comments set forth in the discussions of this 
paper indicate a real interest in lubrication problems. 

Professor Black injects the question of surface roughness. This 
factor must receive more and more attention in our future prob- 
lems in lubrication. 

Commander Burwell has, in effect, stated that the mechanism 
of operation of extreme-pressure lubricants is not covered by the 
hydrodynamic theory. The author believes that this is only 
partly the case. In the hydrodynamic theory, we assume that 
there is ‘‘perfect adhesion”’ between the lubricant and metal sur- 
face, i.e., no slippage. Probably this “perfect adhesion’’ never 
exists, but the extreme-pressure lubricant may give less sur- 
face “‘slippage’’ than do the ordinary lubricants, and thus a better 
lubricating action, at least, in some cases. R. G. Larsen and 
G. L. Perry" observed this adhesive action in their experiments 
on additive-containing mineral oils. Thus, while the hydro- 
dynamic theory does not possess the power of correction for this 
surface ‘‘slippage,”’ it may correct for certain yet unobserved 
‘‘rate-of-distortion”’ effects (the fundamental distinguishing basis 


17 Author’s Bibliography (15), p. 90. 

18 ‘Investigation of Friction and Wear Under Quasi-Hydrody- 
namic Conditions,””’ by R. G. Larsen and G. L. Perry, Trans. 
A.S.M.E., vol. 67, Jan., 1945, pp. 45-50. 


1 8.4 98 2 

2 6.4 43 2 Be 

3 0.7 4.6 

24% 
pia, 
| 
ee 
- 


188 TRANSACTIONS OF THE A.S.M.F. 


upon which the hydrodynamic theory is propounded), and so it 
would be unwise to state that the theory’s corrective measures 
were nil. Commander Burwell scored another point when he 
mentioned the importance of the ‘‘time element”’ in his reference 
to the recent work of A. F. Underwood. This time-effeet prob- 
lem or ‘‘nonsteady state” problem is a most interesting one; it is 
interesting because it has never been solved, except for certain 
limited cases where the restrictions are most severe. It has been 
the dream problem of the mathematicians for years. However, 
the author believes that if carefully conducted experimental re- 
search work were closely correlated with theoretical work on such 
problems, worth-while results could be accomplished. Comman- 
der Burwell, and this is stated in all seriousness, the field is wide 
open. 

Messrs. Engvall and Hammer propose that a correlation be 
made between the physical dimensions of the gears, the design 
factor A, and the findings of this work on lubrication. Such a 
correlation is highly desirable. With reference to their (Engvall 
and Hammer) comments on the AK value for reduction gearing, 
it can be added that, in this paper on the lubrication of the gears, 
no mention has been made of the ‘‘dynamic.loads” on the film. 
Such loads must be considered when choosing the proper AK 
value. Engvall and Hammer ask for a clarification of the value 
of 6 = 0.0000414 (psi)~! used by the author in problem No. 3. 
The value of 6 is found through experimentation. Theoretically 
it should be constant but actually for this particular case, it 
ranged in value from 6 = 0.0000410 (psi)~! to 6 = 0.0000906 
(psi) ~!, as can be seen from an examination of Table 4 of reference 
(2). The author intentionally selected a low value (yet within 
the range) of 6 to throw emphasis upon certain points which he 
wished to stress in problem No. 3. However, he agrees with 


Engvall and Hammer that for future references to this paper, 
one should have this graph plotted for more nearly an average 
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value of 6, namely, 6 = 0.0000759 (psi) ~'. 
in Fig. 8 of this closure. 

The author cannot quite agree with Mr. Fuller’s statement 
that ‘“‘most all gears wear.”” Tests made on gears running under 
normal load making millions of contacts have shown no measur- 
able amount of wear as long as they were well lubricated, yet 
these same gears become worn out in a matter of a few hours when 
deprived of a lubricant. The lubricant just plainly does some- 
thing. 

Mr. Hersey has asked for a brief outline of the steps required 
in the derivation of the variable-viscosity equations. Such steps 
are given here for the z-component equation only. The funda- 
mental basis upon which the hydrodynamic theory is founded is 
that resistance to distortion depends upon the “rate” of change of 
shape. It may be seen that the z-component (p;;) of the nor- 
mal stress of an elementary cube of fluid can be expressed in 
terms of the “rate” of distortion components as follows 


Such a graph is found 
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The z-component of the equation of dynamical equilibrium is 


Du Oprz Opyz Opex 


Dt or oy Oz 


Now, if we differentiate Equation [31] with respect to 2, treat- 
ing w as a function of z, we shall have an expression for Opr:/Or 
which may be inserted into Equation [32]. Similarly, expres- 
sions may be gained for Op,z/Oy and Op,z/0z. Upon substituting 
these expressions into Equation [32], the variable viscosity, 
Equation [2] of the paper is formulated. It is interesting to 
note that similar variable-viscosity equations recently appeared 
in a German publication. Mr. Hersey has shown how the 
very important tool “dimensionless co-ordinates”’ 
to a decided advantage. 

Messrs. Black, Burwell, Engvall and Hammer, and Fuller call 
attention to the fact that temperature variation would alter 
these results. This is true, but the constant-temperature as- 
sumption was clearly stated. More work in which the tempera- 
ture is considered variable may be forthcoming. 

As a final comment, the author suggests that the oil wedge 
may have a decided ‘‘cushioning effect’’ on the dynamic loads on 
gear teeth. The present-day electrical apparatus is so highly 
developed that this ‘‘cushioning effect’? might well be detected 
and measured through the use of condenser plates; such a 
method has recently been employed in measuring the thickness 
of the lubricating-oil wedge in journal bearings. Thus the 
author proposes that it might be desirable to begin a new series 
of tests on gears, 
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Relation of Surface-Roughness Readings 
to Actual Surface Profile 


By L. P. TARASOV,! WORCESTER, MASS. 


Studies of surface finish have shown the desirability of 
relating profilometer roughness readings to actual peak- 
to-valley distances of the type that a micrometer meas- 
ures. Approximate multiplying factors for converting 
profilometer readings into peak-to-valley roughness have 
been obtained from taper sections of a variety of abrasive- 
finished steel surfaces with profilometer roughness in the 
range of 1 to 100 microinchesrms. For cylindrical ground 
surfaces, the factor can be taken as about 4'/,; for other 
types of fixed-abrasive finishes, as 6 or 7; and for loose- 
abrasive-lapped surfaces, as 10. These are mean values 
and individual factors may deviate by as much as one third 
of the mean value. The factors quoted give values for 
“predominant peak’’ roughness; they should be doubled 
to obtain ‘‘deepest maximum’”’ roughness, this being a 
second way of describing the peak-to-valley roughness. 
No evidence was found of any increase in the factor for a 
given type of finish with a decrease in the profilometer 
roughness, even for the finest surfaces studied. 


Tyres or RouGHNESS MEASUREMENTS 


T has become a well-established practice in this country to 
specify the roughness of a surface in terms of a special kind 
of average distance, which is the root-mean-square devia- 

tion of the surface irregularities from the mean surface. This dis- 
tance is shown in Fig. 1, which represents the magnified profile 
curve of an idealized surface. The rms roughness can be read 
directly by the profilometer, or it can be calculated from the 
graphical record made by the Brush surface analyzer. 

The question arises from time to time as to the physical signifi- 
cance of such areading. In other words, how far below the peaks 
are the deepest valleys for an ordinary surface whose rms rough- 
ness is known? This question has always been of interest because 
one can visualize the peak-to-valley distance in terms of the type 
of reading obtainable with a micrometer, whereas it is extremely 
difficult to visualize an rms value in terms of the details of the 
surface profile. 

The unit for roughness measurements is the microinch. 
This is merely 0.000001 in. and is just the same kind of a unit for 
linear measurements as is 0.001 in. The fact that profilometer 
roughness measurements are expressed in rms microinches, which 
are not readily visualizable, does not mean that the linear micro- 
inch itself is such a unit. It is the purpose of this paper to show 
how roughness measurements can be converted to linear micro- 
inches that can be readily visualized and are handled in the same 
manner as any other linear dimension. 

As the subject of surface finish is developing, attention is being 
paid to waviness, which comprises irregularities more widely 
spaced than those making up roughness, the limit between the 
two having been arbitrarily set at 0.040 in. The two types of 


1 Research Laboratories, Norton Company. 

Contributed by Special Research Committees on Cutting Fluids 
and Metal Cutting Data and Bibliography and presented at the 
Annual Meeting, New York, N. Y., Nov. 27—-Dec. 1, 1944, of THE 
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Fig. 1 Secrions ILLusTRATING A TypiIcaL SURFACE 
(a, True profile section magnified equally in horizontal and vertical direc- 
tions. 6, Exaggerated appearance of same section by further magnification 
of 25 times in vertical direction only, horizontal magnification remaining the 
same as in a.) 


0.040" 


/00 microinches 


Fig. 2 Secrion or a Surrace RoOvuGHNESS AND 
WavINESS IRREGULARITIES 


(Vertical magnification 125 times greater than horizontal magnification. 

Roughness, consisting of the fine irregularities, is superimposed on waviness, 

which comprises the gradual curvature with a wave length greater than 
0.040 in.) 


surface irregularities? are depicted schematically in Fig. 2. Since 
waviness is always expressed in terms of total height, any worth- 
while comparison of the waviness and the roughness of a surface 
requires that both be expressed in the same type of units. Here 
again it is found desirable to convert the rms roughness (Arms) 
to the peak-to-valley roughness (Amax). 

Such a conversion must be made empirically for two distinct 
reasons. In the first place, every surface contains a considerable 
proportion of roughness irregularities smaller in magnitude than 
the largest ones. All the roughness irregularities contribute to the 
rms value, and therefore the rms value is necessarily smaller than 
if it were calculated on the basis of the larger irregularities alone. 
Thus the ratio of Amax to hrms depends on the detailed characteris- 
tics of the surface. Furthermore, an rms value of the roughness ob- 
tained by a tracer-type instrument is not that for the roughness 
profile itself but rather for the profile as interpreted by the instru- 
ment. The tracer point and the electrical and mechanical char- 
acteristics of the instrument enter into the interpretation. The 
distinction between the actual profile and the interpreted version 
is particularly important when the roughness irregularities are 
such that their bottoms cannot be reached by the tracer point, 
whose radius of curvature at the spherical tip is 500 microinches 
(0.0005 in.) in both the profilometer and the Brush surface ana- 
lyzer. These matters are discussed in some detail by Way.* 


2 “Proposed American Standard for Surface Roughness, B46,” 
published by the A.S.M.E., 1940; also “Surface Finish,’ by L. H. 
Milligan, Grits and Grinds (Norton Company publication), vol. 34, 
no. 10, Oct., 1943, pp. 1-10. 

3“Description and Observation of Metal Surfaces,” by Stewart 
Way, Proceedings of the Special Summer Conference on Friction 
and Surface Finish, Massachusetts Institute of Technology, Cam- 
bridge, Mass., June, 1940, pp. 44-75. 
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ExtstTING Data ON CONVERSION From ONE TyPE OF ROUGHNESS 
MEASUREMENT TO ANOTHER 


Some information on the quantity hmax/hrms has appeared in 
the literature. For a simple sine wave, this is of course equal to 
2/2 or 2.8. For profile records of actual surfaces, however, the 
ratio is likely to be from 3 to 5, according to Abbott, Bousky, and 
Williamson,‘ who obtained their values of both Amax and Arms 
from tracer-point measurements. To the extent that the tracer 
point was unable to reach the bottoms of the roughness irregulari- 
ties, the recorded values of hmax were lower than those actually 
present. Thus the ratio of the real value of hmax to the tracer- 
point value of Arms could in such cases be greater than 5. 

Much higher ratios than those of Abbott were found by Way? 
for cylindrically ground surfaces, for which the hims values were 
known from profilometer readings, while Amax Was obtained by the 
straightedge shadow method. In this method, the irregularities 
in the surface cause corresponding irregularities in the shadow of 
a straightedge in contact with the surface, the shadow being 
viewed through a microscope. Way’s results indicate that the 
ratio increases from 3 for extremely rough surfaces to about 10 
for commercial finishes and to as high as 25 or 30 for very finely 
ground surfaces. 

A third set of ratios can be obtained from Nelson’s work on ta- 
per sections of steel surfaces prepared by various abrasive opera- 
tions. A taper section is one taken at a small angle to the sur- 
face so that the surface irregularities are magnified much more in 
depth than in width. An optical magnification of 100 diam, su- 
perimposed on a vertical magnification of 25 due to taper sec- 
tioning, has been found convenient, this combination giving a hori- 
zontal magnification of 100 and a vertical one of 2500. 

A photomicrograph of such a section is capable of furnishing 
the most accurate picture of the true depths of the surface irregu- 
larities. Nelson’s values of hmax, Which he determined from the 
taper sections, together with the corresponding profilometer val- 
ues Of hrms, lead to ratios that are in general intermediate to those 
found by Abbott and those found by Way, but there is a great 
deal of scatter. 

Thus we have the situation that a factor for converting an rms 
roughness reading to total roughness depth can apparently be 
chosen to suit one’s taste. Actually, as will be shown in this 
paper, there is good reason to believe that the uncertainty in the 
ratio of hmax to Arms is much less than the foregoing would indi- 
cate, provided proper consideration is paid to the type of finish 
involved and to a clear definition of just what is meant by hmax. 


PREPARATION OF SPECIMENS USED IN PRESENT STUDY 


The present work is based upon a detailed examination of Nel- 
son’s taper sections, of which only a few were published. The 
surfaces in question were all finished by various abrasive meth- 
ods, the specimens being 8.A.E. 6150 steel hardenea and tempered 
to approximately Rockwell C42. Both cylindrical and flat speci- 
mens were used. The profilometer readings for the cylindrical 
specimens were taken along the axial direction, the highest values 
being obtained in this manner for the reason that the lay of the 
surface, in those cases in which it was unidirectional, was perpen- 
dicular to the axial direction. The flat specimens were measured 
in analogous manner relative to the lay. The surfaces had been 


4“The Profilometer,” by E. J. Abbott, S. Bousky, and D. E. 
Williamson, Mechanical Engineering, vol. 60, 1938, pp. 205-216. 

‘’ Way’s ratios are also discussed briefly in ‘‘Surface Finish,’’ by 
G. Schlesinger, American edition published by the Society, 1942, 
pp. 29-30. 

* “Taper Sectioning as a Means of Describing the Surface Contour 
of Metals,”” by H. R. Nelson, Proceedings of the Special Summer 
Conference on Friction and Surface Finish, Massachusetts Institute 
of Technology, Cambridge, Mass., June, 1940, pp. 217-238; also 
American Machinist, vol. 85, 1941, pp. 743-747. 
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carefully prepared to have certain profilometer readings in con- 
nection with a general study of the effect of surface finish upon 
frictional properties,’ but with no thought of obtaining the type of 
data to be described herein. Since no attempt was made to con- 
trol the conditions of preparation such as might have been made 
if the specimens had been finished primarily with the present 
study in mind, the surfaces can be taken as representative of good 
abrasive-finishing practice and not involving any unusual restric- 
tions on the method of preparation. For this reason, the ratios of 
hmax tO Arms obtained for these surfaces should be generally ap- 
plicable to hardened and tempered steels finished by abrasive 
methods to corresponding profilometer readings, and the spreads 
in the ratios should be about the same as would occur in practice. 
The methods used for preparing the surfaces included grinding, 
hyprolapping,® sandpapering, superfinishing,® and loose-abrasive 
lapping. Details of the methods by which most of the surfaces 
were obtained have been described elsewhere.*:?7_ There is no ad- 
vantage in repeating these details here inasmuch as the final re- 
sults can be correlated only with the type of finish and not with 
the particular size or kind of abrasive that happened to be used. 


‘PREDOMINANT PEAK” AND “DEEPEST MAXIMUM” ROUGHNESS 


Careful examination of the taper sections revealed that most of 
the surfaces could best be visualized in terms of two sorts of peak- 
to-valley roughness. One of these, the roughness that occurs more 
or less uniformly over the whole surface, we are designating as 
“predominant peak” roughness. The other, here termed ‘‘deep- 
est maximum” roughness, comprises the deepest irregularities 
occurring at intervals that are large compared to the width of the 
irregularities themselves but, occurring closer than 0.040 in., are 
still too close together and too numerous to be disregarded as 


flaws. 


Fig. 3 Taper SecTion oF CYLINDRICAL SURFACE FINISHED BY 
GRINDING 


(Profilometer reading was 12 microinches rms, The dark portion is the 
steel while the white is the nickel plate protecting the steel surface. Hori- 
zontal magnification is 100; vertical magnification is 2500X. The upper 
and middle black lines define the predominant peak roughness while the 
upper and lower lines define the deepest maximum roughness.) 


The. two types are well illustrated in Fig. 3, which depicts a 
taper section, at a horizontal magnification of 100 and a vertical 
magnification of 2500, of a ground surface that reads 12 micro- 
inches rms on the profilometer. The predominant peak rough- 
ness is measured between the upper and middle lines while the 
deepest maximum roughness extends, in half a dozen spots, from 
the upper to the lower line. Only the ends of the lines are drawn 
because, if the full lines were shown, the roughness irregularities 
would be obscured. It is to be noted that the same upper line is 
chosen for both predominant peak and deepest maximum rough- 
ness. It is appropriate to measure both kinds of roughness from 


7 “Surface Finish of Journals,’’ by R. W. Dayton, H. R. Nelson, 
and L. H. Milligan, Mechanical Engineering, vol. 64, 1942, pp. 718- 
726. 

8 Hyprolapping is a Norton mechanical process similar to machine 
lapping except that bonded abrasive disks are substituted for the 
cast-iron plates and loose abrasive used in machine lapping. 

* Superfinishing is a Chrysler process employing reciprocating 
bonded-abrasive sticks at low pressures. 
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a common line along which contact would first be made with an 
ideal mating surface. 

The location of the base line for the determination of predomi- 
nant peak roughness is chosen visually through the use of a trans- 
parent straightedge superimposed on the section showing the sur- 
face profile. This line is located by trial and error in a position to 
serve as a base for the roughness irregularities extending as peaks 
above it. As the straightedge is raised from a low position, this 
is the level at which valleys begin to be intersected at frequent in- 
tervals. The distance from the base line for the predominant 
surface irregularities to the highest portions of the surface defines 
the predominant peek roughness. 

For some surfaces the predominant peak roughness and the 
deepest maximum roughness are the same. Usually, however, 
there are deep scratches occurring often enough to be classified 
as roughness and not as waviness or flaws, and yet not often 
enough to represent a true base line for the surface irregularities 
themselves. 

Predominant peak roughness is considered significant because 
the general frictional behavior of an ordinary abrasive-finished 
surface in original contact with another is most likely to be de- 
termined by the roughness irregularities present everywhere 
rather than by the widely separated deep irregularities constitut- 
ing deepest maximum roughness. There is little reason to ex- 
pect that an increase in the depth of the deepest irregularities 
will affect the contact behavior if the predominant peak rough- 
ness remains unchanged. 

Usually it is not difficult to decide upon a value of predominant 
peak roughness that is reasonably reproducible, say within a 
range of one fourth of its numerical value. Greater accuracy 
could perhaps be obtained by specifying that the lower line 
bounding the region of predominant peak roughness intersect the 
peaks and valleys at such a level that only some small fraction of 
the line would be situated in the valleys. An analogous method 
has been used by Abbott and Firestone to construct depth versus 
bearing-area curves from tracer-point profile records.'° For the 
purposes of the present study, however, it is felt that sufficient 
accuracy is obtained by estimating visually, with the aid of a 
transparent straightedge, the position of the lower line for the 
predominant peak roughness. 

REPRESENTATIVE TAPER SECTIONS 

Various typical taper sections together with the lines defining 
the predominant peak and deepest maximam roughness are shown 
in Figs. 3 to 9. All the taper sections, except Figs. 6 and 9, have 
a horizontal magnification of 100 diam and a vertical one of 2500; 
for Fig. 6, the corresponding magnifications are 500 and 10,000; 
while for Fig. 9 they are 20 and 500. 

The sandpapered surface of Fig. 4 resembles the ground sur- 
face of Fig. 3 and requires no comment. Fig. 5 shows a super- 
finished surface having a profilometer reading of 1.6 microinches 
rms. Although the roughness irregularities are barely visible in 
the reproduction, it was possible to draw satisfactory lines and to 
measure the distance between them by performing the uperations 
under a binocular microscope at 10 diam. A taper section at a 
higher magnification of a different portion of the same surface is 
shown in Fig. 6, and here the surface irregularities are clearly visi- 
ble. In this particular case, the same values of predominant 
peak and deepest maximum roughness were obtained at 10,000 
vertical magnification as at 2500; in two other cases, however, 
the higher magnification appeared to give a much lower peak-to- 
valley distance than did the lower magnification, but this was 
evidently because the extremely short length of the surface ap- 
pearing in the high magnification taper section was not repre- 


10 “Specifying Surface Quality,”” by E. J. Abbott and F. A. Fire- 
stone, Mechanical Engineering, vol. 55, 1933, pp. 569-572. 
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sentative of the surface as a whole. Even for very fine surfaces, it 
appears that a horizontal magnification of 100, which results in a 
vertical magnification of 2500, is more useful than a higher one, 
unless the length of the photomicrograph is correspondingly in- 
creased for the higher horizontal magnification. 

A loose-abrasive-lapped surface is shown in Fig. 7, and a hy- 
prolapped one in Fig. 8, in both of which the distinction between 
predominant peak and deepest maximum roughness is very clear. 
The roughness irregularities do not actually undercut the surface 
but appear to do so in these taper sections because the individual 
abrasive grain marks are not parallel to the direction of the slope of 
the taper section. 

A surface for which it is difficult to determine the predominant 
peak roughness is the very rough-ground one in Fig. 9, having an 
average profilometer reading of 105 microinches rms. Examina- 
tion of this taper section shows it to consist of a coarse roughness 
superimposed on a fine roughness. The fine roughness character- 
istic is evidently due to the scratches cut by individual abrasive 
grains, whereas the coarse roughness has resulted from the cutting 
action of groups of abrasive grains. Since the wave length of 
coarse irregularities in this case is less than 0.040 in., we are deal- 
ing by present definition with coarse roughness and not with 
waviness. 

For this unusual type of surface, how should the values for 
predominant peak and deepest maximum roughness be chosen? 
In deciding this question, the type of reading obtained with the 
profilometer should be considered, the tracer point of which 
mainly measures the coarse roughness. 

Therefore, it is logical to conclude that the predominant peak 
roughness should be measured for the gradual large-scale varia- 
tions of the coarse roughness, rather than for the fine irregulari- 
ties in this taper section. The calculation of predominant peak 
roughness is justified for the large-scale variations because their 
spacing apart is similar to their width. To qualify as deepest 
maximum roughness, the spacing must be many times greater 
than the width of the roughness irregularities. 


PrEAK-TO-VALLEY ROUGHNESS VERSUS PROFILOMETER ROUGH- 
NESS 

The results of such measurements of predominant peak rough- 

ness for a variety of cylindrical surfaces are plotted in Fig. 10 asa 


Fie. 4 Taper Section oF CYLINDRICAL SURFACE FINISHED BY 
SANDPAPERING 


(Profilometer — was 8 microinches rms. yoy magnification is 
X, vertical magnification is 2500.) 


Fic. 5 Taper Section oF CYLINDRICAL SURFACE FINISHED BY 
SUPERFINISHING 


(Profilometer ay was 1.6 microinches rms. Horizonta magnification 
s 100X, vertical magnification is 2500X. 
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Fig. 6 ANOTHER TAPER SECTION OF SUPERFINISHED SURFACE 
SHOWN IN Fig. 5, BuT aT A HIGHER MAGNIFICATION 


(Horizontal magnification is 500, vertical magnification is 10,000.) 


TAPER SECTION OF CYLINDRICAL SURFACE FINISHED BY 
Loose-ABRASIVE-LAPPING 


(Profilometer reading was 3.5. microinches rms. Horizontal magnification 
is 100X, vertical magnification is 2500.) 


Fie. 7 


Fie. 8 Taper SECTION OF CYLINDRICAL SURFACE FINISHED BY 
HYPROLAPPING 


(Profilometer reading was 2.3 microinches rms. Horizontal magnification is 
100 X, vertical magnification is 2500.) 


Fig. 9 Taper SecTION oF CYLINDRICAL SURFACE FINISHED BY 
RovuGH-GRINDING 
(Profilometer reading was 105 microinches rms. Horizontal magnification 
is 20 X, vertical magnification is 500 X, both considerably lower than in any 
of the other taper sections.) 

function of the profilometer reading. For the predominant peak 
roughness, the ground surfaces lie close to a straight line such 
that the ratio, hmax/Arms, is constant along that line. Thus this 
ratio, which is the multiplier for converting profilometer readings 
into peak-to-valley roughness, is essentially the same for ground 
cylindrical surfaces ranging from the smoothest (1.6 microinches 
rms) to the roighest (105 microinches rms). This represents the 
range of roughness values normally encountered in ground sur- 
faces. The points representing the other types of abrasive finish 
lie a little above this line, indicating that the ratio hmax/hrms is 
somewhat higher for them than for ground surfaces. 

It now becomes convenient to discuss the results for the various 
surfaces in terms of the ratio hmax/hrms and they are tabulated 
on that basis in Table 1, which also includes the results for flat 
surfaces. The ratios have been calculated for both predominant 
peak and deepest maximum roughness and are listed in the order 
of decreasing profilometer reading for each type of finish. The 
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values of hmax/h,m, for the predominant peak roughness of cylin- 
drical ground surfaces are practically the same for the whole 
range of roughness studied, the comparatively small variations 
being of a random nature. For these same surfaces, hyys/hrms 
for the deepest maximum roughness is higher for the smooth 
finishes than for the medium or rough ones. The corresponding 
data for the flat ground surfaces show a greater scatter in the ra- 
tios. 

The cylindrical surfaces that were hyprolapped, sandpapered, 
or superfinished, all show a decrease in the ratio with decreasing 
profilometer reading, and this is true of both the predominant 
peak and the deepest maximum roughness. The same can also be 
said of the flat surfaces that were sandpapered or superfinished. 
This behavior is opposite to the general assumption that the finer 
the finish, the greater the ratio hy,./hims The decrease ac- 
tually observed in the ratio is very likely real since it occurred in a 
number of instances. In the case of the cylindrical sandpapered 
surfaces, the taper sections showed that the width of the individ- 
ual irregularities remained more or less the same while their 
depth became considerably less as the finish improved; thus the 
tracer point was enabled to come relatively closer to the bottoms 
of the irregularities and the difference between h,,,, and the 
measured value of h,,,, diminished. Probably the same thing 
happened in the other cases in which the ratio was less for the 
smoother finishes. 

The values of hinax/Aem, for the loose-abrasive-lapped surfaces 
vary irregularly with respect to the profilometer readings and the 
scatter is considerable. 

A comparison of the ratios for the various types of surfaces is 
facilitated by considering only their average values, as is done in 
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RATIO OF PEAK-TO-VALLEY ROUGHNESS (hmax) TO PROFILOMETER READING 


(Arms) FOR VARIOUS CYLINDRICAL AND FLAT SURFACES 


~ —Cylindrical surfaces———. 


—Flat surfaces 


Profilometer imax/hrme for—— Profilometer §=———hmax/hrms for——. 
reading, **Predomi- ‘Deepest reading, ‘*Predomi- ‘‘Deepest 
microinches, nant peak’? maximum” microinches, nant” peak maximum” 
Type of finish rms roughness roughness rms roughness roughness 
Ground 105 4'/. 6'/s 11 5 7 
14 5 8'/2 4.5 8 15 
14 4 1.9 7/2 11 
12 41/2 7 
2.3 10 
2.3 31/s 10 
1.6 41/s 
Hyprolapped 4.0 
2.3 51/3 
Sandpapered 8 9 
5.0 61/2 
1.4 
Superfinished 3.5 91/2 
3.0 7 
1.6 5 
Loose-abrasive- 5.5 
lapped 4.4 > 
3.5 13 
2.8 


TABLE 2 


AVERAGE VALUE AND RANGE OF VALUES OF hmax/Arms FOR VARIOUS TYPES OF 
FINISH (SUMMARY OF TABLE 1) 


2.5 
1.2 21 
5.0 71/2 19 
3.3 14 
10 12 
8 9 
2.5 31/2 9 
5.5 51/2 12 
3.0 13 7 
3.0 2 


— 


Cylindrical surfaces—— 
‘Deepest maximum 


Predominant peak”’ 


hmax/hrmsfor 


Flat surfaces 
‘*Predominant peak’ ‘‘Deepest maximum” 


roughness roughness roughness roughness 

Average Range of Average Range of Average Range of Average’ Range of 
Type of finish value values value values value values value values 
Ground 3'/2- 5 61/e-10 7 5 - ll 7 -15 
Hyprolapped 5'/2- 71/2 13 13. -14 6 51/2- 6!/2 15 91/;-21 
Sandpapered 7 9 12 10-13 7 6'/2- 71/2 7 14 -19 
Superfinished 7 13 11 -16 5'/s 3'/2- 71/2 10 9 -12 
Loose-abrasive- 10 19 15 10 5'/2-13 17 12 -22 


lapped . 

Table 2. The cylindrical surfaces can be separated into three 
groups according to the average value of the ratio hy. /Rrms for 
the predominant peak roughness of each group. This quantity is 
41/, for the ground surfaces, close to 7 for the hyprolapped, sand- 
papered, or superfinished ones, and 10 for the loose-abrasive- 
lapped ones. The corresponding average ratios for the deepest 
maximum roughness are almost exactly twice as great. 

Turning to the flat surfaces, the average ratio for the predomi- 
nant peak roughness places the ground surfaces in the same group 
as the hyprolapped, sandpapered, and superfinished ones, for all of 
which the quantity in question is in the vicinity of 6. The loose- 
abrasive-lapped surfaces again have a definitely higher average 
ratio than the rest. The average ratios for the deepest maximum 
roughness of the flat surfaces are erratic when compared to the 
corresponding figures for the predominant peak roughness, being 
anywhere from 50 to 150 per cent greater than the latter. 

The various ratios that have been quoted are, of course, aver- 
ages for all the specimens with a given type of finish. The actual 
ratios for the individual specimens may be anywhere from one 
third less to one third greater than the average ratios, as is re- 
vealed by an inspection of the ranges of values included in Table 
2. This applies to both predominant peak and deepest maximum 
roughness. 

The physical significance of these findings can be summarized 
in the following manner: For cylindrical surfaces finished to a 
given profilometer reading, a ground surface is likely to be slightly 
smoother in terms of peak-to-valley roughness than a hypro- 
lapped, sandpapered, or superfinished one, while a loose-abrasive- 
lapped surface will probably be rougher than the three just men- 
tioned and will almost certainly be rougher than the ground sur- 
face. For flat surfaces finished to the same profilometer reading 
as just mentioned, a ground surface will have about the same 
peak-to-valley roughness as any of the other surfaces except the 
loose-abrasive-lapped one, which will probably be rougher. Com- 
paring cylindrical and flat surfaces finished by the same method 
to the same profilometer reading, a ground surface will very likely 
be smoother when it is cylindrical than when it is flat, while for 
the other types of finishes it will be immaterial whether the sur- 


face is cylindrical or flat. Of course, it should be kept in mind 
that the ground and the sandpapered surfaces are unidirectional 
and were studied across the lay, whereas the hyprolapped, super- 
finished, and loose-abrasive-lapped surfaces have substantially no 
directional characteristics. 

At first glance, it may appear that ther ange of values of Ama, 
/hemaisS SO broad for a given type of finish that calculations involv- 
ing the average ratio listed in Table 2 are not likely to be of prac- 
tical use. However, even a possible error of one third is not too 
large when it is considered that in shop practice the classes of 
roughness progress by factors of 2. 

The values of the ratio Aya ./hrms for predominant peak rough- 
ness are higher for most types of finish than the values of 3 to 5 
proposed by Abbott,‘ the one outstanding and very important 
exception being that of cylindrical ground surfaces, the ratio for 
which agrees satisfactorily with Abbott’s. However, even for 
deepest maximum roughness, the ratios are much lower than 
most of the ratios deduced from Way’s study by the straightedge 
shadow method of cylindrical ground surfaces. Since the taper 
sections showed no evidence of any increase in the ratio with de- 
creasing roughness, such as was found to a marked extent by 
Way, it appears that the very high ratios for the finer surfaces 
may have been caused by experimental difficulties in getting an 
undistorted shadow of very fine and shallow irregularities. 

To illustrate how the average ratios of Table 2 can be applied, 
we can assume that the profilometer reading is known for a given 
type of surface. Multiplying this reading by the corresponding 
average ratio in the predominant-peak-roughness column gives 
us the roughness in terms of the predominant peak-to-valley 
height, a distance that is easy to visualize and one that is well 
suited for comparisons of roughness and waviness. The occa- 
sional deep irregularities, if needed, are obtained similarly by the 
use of the average ratio in the deepest-maximum-roughness col- 
umn. 

The converse problem, that of establishing a likely value of the 
profilometer reading if h,,,. is given, requires a knowledge of 
whether or not the deepest maximum irregularities were excluded 
from consideration when h,,,, was established. If they were ex- 
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cluded, as is likely to be the case, the ratio for predominant peak 
roughness should be used, but if h,,,, is based upon the most pro- 
nounced irregularities, the ratio for deepest maximum roughness 
should be used. In all these examples, the degree of uncertainty 
in the calculated quantity can be obtained by substituting the ex- 
treme values for the average value given in Table 2. 


SUMMARY 


Although roughness is generally expressed in terms of a special 
kind of average distance from the mean surface, h,,,,, such as is 
read on a profilometer, it can also be expressed in terms of the 
peak-to-valley height of the irregularities, h,,,,. It is desirable 
to be able to convert from one to the other, but the available re- 
sults in the literature have not been in agreement. The present 
results have been compiled from a careful examination of numer- 
ous taper sections of cylindrical and flat surfaces of hardened and 
tempered steel finished by various abrasive methods and for 
which values of profilometer roughness were known. In most of 
these taper sections, it was found desirable to distinguish between 
two types of peak-to-valley roughness, predominant peak and 
deepest maximum. 

For cylindrical surfaces finished by grinding, the ratio haa, 
/hems for predominant peak roughness was practically the same 
even though the profilometer roughness ranged from 1.6 to 105 
microinches rms. The average value of this ratio for all of these 
surfaces was 4'/,. The corresponding figure for cylindrical sur- 
faces finished by hyprolapping, sandpapering, or superfinishing 
was around 7, while those finished by loose-abrasive-lapping had 
the highest average of 10. The individual values differed from 
the average by as much as one third of the average value itself ex- 
cept for the ground surfaces, which varied less from the average. 
The corresponding ratios for deepest maximum roughness were 
in each case just about double those for predominant peak rough- 
ness. For cylindrical surfaces finished to a common profilometer 
reading, one that has been ground is likely to be somewhat 
smoother, i.e., have a lower peak-to-valley roughness than a hy- 
prolapped, sandpapered, or superfinished surface, while a loose- 
abrasive-lapped one is likely to be rougher than any of the others. 

When the surfaces were flat instead of cylindrical, the average 
ratio Ajmax/hrms for predominant peak roughness was practically 
the same for ground surfaces as for hyprolapped, sandpapered, or 
superfinished ones, being about 6 for all these finishes. The 
loose-abrasive-lapped surfaces again had a higher ratio than any 
of the others, this ratio being 10, the same as for cylindrical sur- 
faces with this type of finish. The individual values of the ratios 
for the various flat surfaces deviated from the average values to 
the same extent as in the case of the cylindrical surfaces. 

These ratios enable a reasonably satisfactory conversion to be 
made for several types of abrasive-finished surfaces from profil- 
ometer reading to peak-to-valley roughness or vice versa. 
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Discussion 


A. H. Datu." The author is to be commended for his clear 
analysis of finish interpretation based on the comparison of the 
electrical-measuring method and the taper-sectioning method of 
finish evaluation. His statement, in effect, that “predominant 
peak” roughness is more significant in performance than “deepest 
maximum” roughness should find universal agreement. It is to 
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be noted that no explanation for the high ratios of hmax/hrms is 
attempted by the author. It is the purpose of this comment 
to suggest a possible reason for these high ratios on the better 
types of finish. 

A study of Table 1 of the paper reveals that, in every case 
except the loose-abrasive type of finish and the highest-quality 
ground finish, the ratio for each type declines as the quality of 
finish improves. The fact that grinding finishes, in general, show 
ratios nearer to the theoretical values may be significant, since 
the grinding operation usually generates an entirely new surface, 
while the other operations rework a ground surface to a greater or 
lesser degree. It is suggested, therefore, that the previous his- 
tory of the surfaces which are superfinished, hyprolapped, ete., 
may be a determining factor in the ratios indicated. In loose- 
abrasive lapping, particularly, the abrasive particles may cut 
on the sides and bottoms of the deep grinding scratches as well 
as on the elevated regions. As the appearance of a surface is 
governed by the distribution of the light reflected therefrom, and 
this in turn is determined largely by the character of the finish on 
the sides of the ridges and valleys of the surface asperities, a 
surface may often appear to have been lapped so as to eliminate 
all grinding imperfections, when actually this is not so. In 
several instances it has been found that a lapped surface on which 
no grinding scratches were visible exhibited a definite grinding- 
scratch pattern again after light superfinishing. 

This raises the question whether each of the hyprolapped, 
sandpapered, superfinished’ and loose-abrasive-lapped surfaces 
listed in Table 1 had actually been worked to a point where every 
vestige of the original ground surface had been eliminated. 


C 


Fic. 11 PHOTOMICROGRAPHS OF SURFACE WORKED BY SPECIAL 
SUPERFINISHING TECHNIQUE 


3.5 microin. rms D 1.0 microin. rms 
1.4 microin. rms : E 0.9 microin. rms 
1.1 microin. rms 


Fig. 11 of this discussion shows a series of bright field photo- 
micrographs of a surface which was worked by a special super- 
finishing technique using extremely fine stones and an effective 
cutting fluid. The original ground surface A was 3.5 microin. 
rms, and successive members of the series B, C, D, and E show 
the same spot on the workpiece after superfinishing for 15 sec, 
30 sec, 45 sec, and 60 sec, respectively. In C, the frequency of 
the scratches remaining from the grind would be sufficient to 
influence the appearance of the taper section, as with this method 
of investigation it is inherent that the depths of occasional 
scratches are magnified more than their distribution. Thus 
these scratches would also be used in the calculation of pre- 
dominant peak roughness ratio, but their frequency is not 
sufficiently high to affect the profilometer reading appreciably, 
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as the fidelity of such readings decreases with decreasing fre- 
quency. The profilometer reading for C averaged 1.1 microin. 
rms. 

It is quite possible on this finish that the ‘predominant peak” 
measurement would be only slightly different from the original 
grind. The predominant peak roughness ratio would therefore 
be of the order of 12. 

It would therefore seem possible that the reason for the high 
values of predominant peak roughness ratio obtained with the 
loose-abrasive-lapping method may not be due so much to an 
inherent characteristic of this.type of finish, as to the incomplete 
removal of deep scratches produced in a preliminary grinding 
operation. At the present time with most commercial methods 
of finishing, it is quite difficult to determine when all such 
scratches have been eliminated. 

It will also be noted from the photomicrographs that the fre- 
quency of the residual grinding scratches varies from one area to 
another; thus the roughness indication of a taper section may 
vary in accordance with the particular area in which this section 
happened to be taken. 


D. E. Wituramson.'? The present paper is a comparison of 
two widely different means of designating the roughness of sur- 
faces finished with abrasives. One striking difference in the 
two methods is that, whereas the ‘“‘tracer method” gives a non- 
destructive test, taper sectioning renders the sample unsuitable 
for future examination or use. For this reason, the tracer method 
is so attractive that we may well examine its possible disad- 
vantages. 

The principal objection to the tracer method seems to be that a 
0.0005-in-radius tracer point is suspected of failing to bottom the 
valleys of the roughness to such a degree that readings obtained 
are reasonably reduced. An extension of this feeling is that 
profile records made by the tracer method are likewise unre- 
liable, this usually without consideration as to whether the pro- 
file records were made with a 0.0005-in-radius point or one many 
times sharper. Although tracer-point radius studies have been 
made, published, and talked about for years, most of this work 
(and certainly the selection of a suitable standard radius) has 
been done by the instrument manufacturers and is therefore sus- 
pected of prejudice. 

Another source of confusion is a result of the convenience of 
showing profile records with greatly different horizontal and 
vertical magnification. It just does not seem possible that a 
tracer point could be made to bottom these greatly sharpened 
valleys. And then there is the added fact that a 0.0005-in-radius 
point does indeed fail to bottom an occasional valley. 

In view of the foregoing, it is the writer’s belief that faith in the 
tracer method would be strengthened if some impartial experi- 
menter would attempt to determine just how faithfully a point 
of a given shape can be expected to reproduce surfaces of various 
characters. In this work the experimenter should pin his faith 
on logic and the scientific method, and not on an arbitrarily 
adopted standard of perfection. One of the tests which he 
might make would be to prepare graphs of average roughness 
reading (ordinate) versus tracer—point radius (abscissa). If any 
portion of this curve is horizontal, it might be concluded that 
readings are independent of tip radius in that range. 

Also, in comparison studies, such as that reproduced here- 
with, it would be interesting to compute the average roughness 
by graphical means in an attempt to ascertain whether or not 
apparent anomalies are due to the tracer point. For instance, 
it is suggested that the tendency of the profilometer to indicate 
the larger irregularities in Fig. 9 of the paper is due to the 
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squared element in a ‘‘root-mean-square” average, and not be- 
cause the tracer point fails to enter the smaller irregularities. In 
fact it appears, from rather superficial examination of the half-tone 
reproductions, that a 0.0005-in-radius point would bottom essen- 
tially all of the irregularities shown in the paper. 

The determination of the ratio of hmax/hrms here given may 
well prove more useful than the factors previously published. 
The difference between the author’s values and those referred to 
as published by Abbott, Bousky, and Williamson‘ is probably 
due to the difference in what was meant by hmax. The earlier 
value was obtained from profile records made with a 0.00005-in- 
radius (approx) diamond point, and profilometer readings taken 
using a 60-deg, 0.0005-in-radius point. Even though a different 
definition af hmax was used, it was recognized that ratios of greater 
than 5 frequently occurred. 

A point of interest is that the present data are based on the 
shop practice used in preparing Nelson’s specimens,® and it would 
be interesting to ascertain if these results would compare favor- 
ably with data from samples prepared elsewhere. If so, this 
would indicate that the words “grinding,” “hyprolapping,” 
“sandpapering,”’ etc., are also descriptive of surface character. 

The author is to be commended on his treatment of the experi- 
mental data and preparation of this paper, and it is to be hoped 
that more work along these lines will be forthcoming. 


AvuTHOR’s CLOSURE 


The author appreciates the additional information and com- 
ments offered by the discussers and is pleased to find that the 
distinction set up between the two kinds of roughness, pre- 
dominant peak and deepest maximum, appears to serve a useful 
purpose. 

Mr. Dall has presented some very interesting evidence that 
abrasive operations other than grinding may not completely 
eliminate the deepest scratches left by the preceding operation. 
The question of how the presence of residual scratches may affect 
the ratio Amax/hrms, i.e., the conversion factor, is a very impor- 
tant one and deserves detailed consideration. First, we have to 
determine what this effect may be; and second, we have to see to 
what extent residual scratches may have been present in the sur- 
faces for which the conversion factors were calculated in this 
paper. 

The spacing of the grinding scratches in the superfinished sur- 
faces shown in Fig. 11 can be taken as characteristic of residual 
scratches in general. If we had a taper section through any of 
the superfinished surfaces, we would find that the grinding 
scratches left after superfinishing are spaced far apart compared 
to their own width; consequently, they contribute to the deep- 
est maximum roughness. The predominant peak roughness, by 
definition and by measurement method, is composed of the closely 
spaced and comparatively shallow superfinishing scratches cover- 
ing the rest of the surface and therefore is not affected by the 
widely spaced scratches remaining from grinding. 

This means that in so far as predominant roughness of abra- 
sive-finished surfaces other than ground ones is concerned, 
neither the observed high values of the conversion factors nor 
their decrease with improved finish can be explained by refer- 
ence to any residual scratches that may be left from the preeed- 
ing operation. The explanation given in the paper (in the 
paragraph of the second column that is next to Fig. 7), which is 
based on the approximate constancy of the widths of the valleys 
as their depths decreased with improved finish, appears to be the 
most satisfactory that can be proposed at the present time. 

We can now turn to the conversion factors for deepest maxi- 
mum roughness. Since occasional irregularities either may be 
left from the preceding operation or may be introduced during 
the final one, it is necessary to consider the depth to which the 
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material was removed from the actual specimens during the final 
abrasive operation. 

Highly accurate measurements of the material removed, made 
during the preparation of the cylindrical specimens, showed 
that enough was removed to get below the deepest scratches 
likely to have been present except in the case of the superfinished 
cylindrical surfaces and here it is probable that residual scratches 
contributed to the deepest maximum roughness. The reason 
for eliminating residual scratches as far as possible was to obtain 
surfaces representative of the final abrasive operation only. 
This was done by continuing, when necessary, the abrasive opera- 
tion beyond the time that might be considered usual in com- 
mercial practice. 

As regards the flat specimens, our records show that residual 
scratches from the preceding operation were definitely present 
in the finer hyprolapped surface, in both sandpapered ones and in 
the finest superfinished one; there is also a possibility that the 
same was true for the other two superfinished surfaces. In all 
other cases, it is certain that enough stock was removed to elimi- 
nate all residual scratches. 

To the extent that commercially prepared surfaces do contain 
residual scratches, the conversion factors reported in this paper 
for deepest maximum roughness may be low. Since the depth 
of the residual scratches obviously depends on the manner in 
which the surface was prepared prior to the final operation, 
it is not possible to predict how the conversion factor for deepest 
maximum roughness should be corrected in such cases. This, 
however, is not particularly important inasmuch as even in the 
absence of residual scratches there is considerable uncertainty 
concerning the importance of the deepest maximum roughness, a 
quantity that does not appear to be a true characteristic of a 
surface. The main purpose in listing the deepest maximum 
conversion factors was to show why such high values of hmax 
have been reported by others for very smooth surfaces. The 
thing to be kept in mind is that one of the really significant char- 
acteristics of a surface, the predominant peak roughness, is not 
affected by residual scratches, so that the corresponding conver- 
sion factors are likewise not affected. 

The author is in general agreement with the comments made by 
Mr. Williamson, especially about the desirability of further 
work, the present study being essentially of an exploratory na- 
ture. One idea that this paper should dispel is the widely prev- 
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alent one that commercial instruments for measuring rough- 
ness, furnished with tracer points of 0.0005-in. radius, lose their 
sensitivity below approximately 10 microinches rms, thus ‘caus- 
ing the conversion factor to increase very rapidly with decreasing 
meter reading. Absolutely no evidence was found to substan- 
tiate this belief, as will be seen by referring to Table 1 in the 
paper, where conversion factors are listed for obtaining pre- 
dominant peak roughness from profilometer readings. Thus 
in the second numerical column in that table it is seen that for 
surfaces finished by a given method there is no tendency for 
smoother surfaces to give higher conversion factors. In fact, 
for those methods of finish which show any trend at all, whatever 
trend there is, is in the opposite direction. The results also show 
that the method of producing the surface affects the relation- 
ship between meter reading and peak-to-valley distance. 

For anyone who wishes to study in detail the extent to which 
the valleys in a surface are actually bottomed by the tracer point 
of a profilometer, it is suggested that he draw the vertical section 
of a 0.0005-in-radius tracer point at a magnification of 100 
horizontal and 2500X vertical, and after cutting around its 
outline superimpose it on the taper sections of Figs. 3 and 4, 
which have this same magnification. 

To aid in construction such a tracer-point section, its dimen- 
sions are: 


Vertical distance from 
tip of tracer point 


Corresponding tota! 
width of tracer point 


0.000 in. 0.00 in. 
0.025 0.02 
0.05 0.03 
0.10 0.04 
0.25 0.06 


When this tracer point is moved along the taper sections it is 
seen that the point can approach the bottoms of the valleys much 
more closely and frequently for the ground surface of Fig. 3 
than for the sandpapered surface of Fig. 4. The degree to which 
the bottoms of the valleys can be approached is consistent with 
the predominant-peak conversion factors of 41/2 and 9 found for 
these ground and sandpapered surfaces respectively, assuming 
that a taper section capable of being bottomed completely would 
give a conversion factor of about 3. 
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Carry-Over in Locomotive Boilers 


By ARTHUR WILLIAMS,' EAST CHICAGO, IND. 


While tremendous advances in feedwater treatment to 
protect boiler heating surfaces from scale, corrosion, and 
embrittlement have been made, the methods commonly 
used on railroads have been accompanied by an increasing 
degree of foaming troubles. According to statements of 
the American Railway Engineering Association, the intro- 
duction of alkaline sodium compounds, while reducing the 
scale problem, has increased the foam-producing capacity 
of the water supplies. This paper approaches a solution to 
the problem of carry-over by discussing the mechanisms 
which cause other than dry steam to leave the boiler. The 
most importan! type of carry-over is probably that due to 
foaming. Carry-over by effervescence is also discussed. 
The effects of carry-over and methods of prevention are 
treated in detail. In the study of the problem and its 
correction numerous tests have been conducted by the 
author’s company, and by the A.R.E.A., and individual 
railroads. These are reported at some length, the results 
showing that proper control of feedwater treatment will 
help minimize foaming. Antifoam compounds increase 
the concentrations that may be carried in the boiler, but 
concentration must be controlled either manually or by 
automatic blowing. Apparatus of various types for this 
purpose is described, as well as a suitable design of steam 
separator, which is essential to separate the carry-over 
from the steam, and discharge the carry-over to the at- 
mosphere. 


INTRODUCTION 


HIS paper deals mainly with carry-over in locomotive 
"bones, its causes, effects, and prevention. It is proper to 

make some mention first of feedwater treatment since this 
has a great deal to do with the amount of carry-over that may 
take place. The main objectives of feedwater treatment are to 
protect the boiler and its heating surfaces from scale, corrosion, 
and embrittlement. It is not the purpose of this paper to cover 
the chemistry of feedwater treatment. Water-treatment en- 
gineers, working with the highly specialized knowledge available, 
have accomplished results without which the locomotive could 
not hope to approach its present state of maximum power output 
with high availability. 

There is no standard treatment for feedwater and each case 
must be studied by those with the proper knowledge and experi- 
ence. There is still a great deal to be learned about the reactions 
that take place inside a boiler using treated water, and new ad- 
vances are continually being made in the art. However, there 
is no question as to the excellent results obtained from recognized 
treatments for locomotive-boiler feedwater in general use at the 
present time. 

The details of the various chemical processes employed, the 
practical application, and the supervision necessary have been 
widely covered in the literature, outstanding among which are 
papers and reports presented before this Society, the American 
Railway Engineering Association, and other organizations. 


1 Chief Engineer, The Superheater Company. Mem. A.S.M.E. 

Contributed by the Railroad Division and presented at the An- 
nual Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944, of THe 
AMERICAN SOCIETY OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


Unfortunately, with the methods commonly used on railroads 
for prevention of scale, the troubles with foaming have increased 
in proportion to the rate at which the scale deposits on the boiler 
heating surfaces have decreased. This is clearly illustrated by 
the following statement made in a recent American Railway 
Engineering Association (A.R.E.A.) bulletin (1):? ‘‘A genera- 
tion or so ago, with little water treatment, the major action of 
dissolved solids was to form scale, and foaming was not a prob- 
lem. By proper treatment of water supplies, scale is no longer a 
problem, but the introduction of alkaline sodium compounds has 
increased the foam-producing capacity of the water supplies.” 


CAUSES OF CARRY-OVER 


In this paper, carry-over is defined as any substance leaving the 
boiler other than dry steam. This includes moisture in any form, 
regardless of the mechanism which caused it to enter the steam 
path, and also suspended solids. ; 

It is conceivable that carry-over could be caused by a me- 
chanical action due to the natural circulation in the boiler and 
attributable only to the boiler design. In such a case, carry-over 
would occur with any water, no matter how pure it might be. 
In general, this is not thought to be the case with locomotive 
boilers of conventional design. It is well known that identical 
locomotives will have different characteristics with respect to 
carry-over when operated in different districts with different 
water. It would seem therefore that carry-over in locomotive 
boilers must be associated with the water in the boiler and its 
characteristics due to the nature and quantity of dissolved and 
suspended solids. It is not meant to infer that the extent of 
carry-over resulting from foaming is not influenced by the design 
and details of the boiler, but that the carry-over is primarily due 
to the condition of the water. 

The most important type of carry-over is probably that due to 
foaming. There is also some evidence that a carry-over can 
occur which is not due to the presence of adensefoam. A theory 
has been advanced that this is caused by the bursting of bubbles 
on the steam surface. 


FoaMING OF BorLER WATER 


There has been considerable discussion regarding the influence 
of dissolved solids and suspended solids on foaming character- 
istics. With water treatments in general use on railroads, both 
are increased, so that it is not possible to draw any conclusions 
in this respect. The question as to the effect of suspended solids 
in the foaming of boiler water is covered thoroughly in a report 
by Foulk (2) presented by the Joint Research Committee on 
Boiler Feedwater Studies in 1935. 

In the early part of this century the general belief seemed to be 
that suspended solids were necessary for foaming to occur. This 
appears to be based mainly ona report by Koyl on the foaming 
of water in locomotive boilers, which has been referred to and 
quoted in a number of papers and textbooks. A paper by Foulk 
in 1924 (3), reported tests at atmospheric pressure which demon- 
strated the production of a persistent foam due to the stabilizing 
action of solid matter. In 1927, a paper by Joseph and Hancock 
(4) reported certain tests which for the particular conditions in- 
vestigated indicated no effect by suspended solids on foaming. 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Further tests by Hancock (5) in 1930 confirmed these conclusions, 
with tests at 160 psi pressure. 

In 1932 the first of a series of three papers by Foulk and others 
was published. The first paper (6) covered experiments at 
atmospheric pressure and showed that different kinds of solid 
matter exhibited widely varying degrees of foam-stabilizing 
ability, and that this stabilizing power was lost in some cases on 
prolonged boiling. The second paper (7) reported tests made 
at 100 to 150 psi and showed that solids which have lost their 
foam-stabilizing effects may actually reduce foaming because of 
the greater smoothness of boiling induced. In this series of tests 
the work done by Joseph and Hancock was duplicated as closely 
as possible, and a good agreement was obtained with their results. 

The third paper (8) reports experiments at 250 psi pressure 
with calcium carbonate formed inside the boiler in different ways. 
Calcium carbonate, precipitated inside the boiler by the decom- 
position of calcium bicarbonate, reduced the foaming. Calcium 
carbonate, precipitated by pumping sodium-carbonate solution 
into the calcium chloride in the boiler, gave inconclusive results. 
Calcium carbonate, precipitated by pumping calcium-chloride 
solution into sodium carbonate in the boiler, increased the foam- 
ing but, after several hours of contact with the hot water in the 
boiler, this last form of calcium carbonate lost its effect on foam- 
ing. It was also established that magnesium hydroxide, pre- 
cipitated along with calcium carbonate in an excess of sodium 
carbonate in the boiler, counteracted the tendency of the carbon- 
ate to increase the foaming. On the basis of the foregoing it 
seems that solid matter may or may not increase foaming, de- 
pending upon the physical nature of the matter. 

The paper by Joseph and Hancock (4) reports tests with 
pressures from 70 to 155 psi indicating a decrease in foaming 
with increasing pressure. The tests by Foulk and Whirl (7) show 
that the effect of solid matter on foaming is less at 150 psi than at 
lower pressures. While these two series of tests indicate a trend, 
it would not be safe to assume a continued decrease in foaming 
with increasing pressure without further data. 

There seems to be a general agreement that most types of oil 
or organic matter will increase foaming. Fout!! and Hansley (6) 
reported tests at atmospheric pressure in which the removal of 
oil from boiler scale greatly reduced its foaming tendencies. Han- 
cock (5) reported tests with river water showing definitely the 
effect of organic matter. With the water at a concentration of 
1000 ppm (58 grains per gal) and 25 ppm (1.5 grains per gal) 
organic matter, the carry-over observed in a laboratory boiler 
was 50 percent. After removing the organic matter, the carry- 
over was reduced to zero under the same test conditions. 

Undoubtedly, the quantity and kind of dissolved solids in the 
boiler water have a great influence on foaming. In the tests re- 
ferred to, a great number of salts in solution have been investi- 
gated. In general, these cover the salts found in practice in 
boilers. In most cases experiments were made with only one 
salt in solution at a time. 

The A.R.E.A. bulletin (1), for example, gives a very interesting 
report by the Subcommittee on Mechanics of Foaming and Carry- 
Over in Locomotive Boilers. A number of tests were run at at- 
mospheric pressure with a concentration of 2570 ppm (150 grains 
per gal) and varying proportions of sodium sulphate, sodium car- 
bonate, and sodium hydroxide. Water was evaporated in glass 
tubes, and the rate of evaporation was adjusted so that the vol- 
ume of steam produced per square foot of water surface was the 
same as for a locomotive operating at 285 psi. The height of 
foam produced was measured for each solution tested and the 
results plotted so that the foam height could be determined for all 
proportions of the three sodium salts. Although all tests were 
run with same concentration, foam height varied from practically 
nothing to 17 in., depending upon proportions of the three salts. 


APRIL, 1945 


There is general agreement that the rate of evaporation and the 
height of the water level in the boiler will have a marked influence 
on the amount of carry-over. This is true regardless of the 
method by which carry-over may be produced. Even more 
important than the rate of evaporation is a sudden change in the 
rate. This is referred to in several of the papers on this subject 
and has been demonstrated in locomotive road tests that will be 
described later in this paper. 

The average rate of evaporation of a modern locomotive boiler 
is of the order of 350 to 450 lb per sq ft of total water surface per 
hr, with the boiler evaporation at its maximum. The rate of 
evaporation will vary considerably at different points in the 
boiler. A typical example is shown in Fig. 1, in which the total 
evaporation was taken from test results. The evaporation in 
the firebox was calculated by subtracting the total heat in the 
gases at the back tube sheet from the total heat released in 
the firebox. Knowing the evaporation from the entire boiler and 
from the firebox, and the heat absorbed by the superheater, it 
was possible to determine the evaporation from the flues and 
tubes. The relative heat absorbed by different parts of the fire- 
box was based upon consideration of the combustion conditions 
in the firebox. The variation in gas temperature between the 
back and front tube sheets was calculated, and the amount of heat 
absorbed at any point made proportional to the mean-tempera- 
ture difference between the gases and the heat-absorbing surface. 
The highest liberation rate is at the back head where the back 
head, side sheets, and arch tubes are all releasing steam. As 
would be expected, there is a second high point at the back tube 
sheet, where there is a substantial concentration of heating sur- 
face at a high gas temperature. 


STEAM LIBERATION RATE 10! — 
(AVERAGE ACROSS BOILER) | 
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Fic. 1 Sream-LiseraTion Rates 1n Locomotive Borer 


As noted in Fig. 1, the liberation rates shown are the average 
across the boiler at any point between the back head and the 
front tube sheet. At points along the firebox, the liberation 
rates will be higher at the sides than in the center. 

Since the rate of foaming depends upon the combination of 
salts in solution, the working pressure, and the rate of evapora- 
tion, it is difficult to correlate the various investigations that have 
been made. In the tests by Joseph and Hancock (4), the pres- 
sures varied from 125 to 155 psi and the rate of evaporation from 
50 to 100 lb per sq ft of water surface per hr. In the tests by 
Foulk and Brill (8), the boiler pressure was 250 psi, and the rate 
of evaporation 1150 lb persq ft perhr. The tests reported by the 
A.R.E.A. bulletin (1) were at atmospheric pressure with a rate 
of evaporation of 29 lb per sq ft per hr, giving the same volume 
rate as 500 lb per sq ft per hr at a pressure of 285 psi. 


FoamiInG Tests ConDUCTED 


In approaching the problem of carry-over in locomotive boilers, 
some tests were made in the laboratory of the author’s company 


— ~ ews © 


4 
: 
4 
: 
| 
T | | 
= 
| 
: 
| 
/ 
: 
“ts 


FOAMING © © 
BOILER 
| 9 [waren 
STEAM = 
) 
\ 


Fic. 2) AppaRATus For Tests WITH FoaMING SOLUTIONS 


at East Chicago, Ind., in 1939. A diagram of the test apparatus 
is shown in Fig. 2. The boiler had an inside diameter of 93/, in., 
and was operated at 180 to 190 psi pressure, steam being gener- 
ated by passing steam from an outside source through coils in the 
boiler. The steam and water leaving the boiler were led to a 
steam separator. The steam leaving the separator was throttled 
to a low pressure, and the moisture in the steam determined by 
observations of the temperature and pressure after throttling. 
This moisture was never greater than 0.8 per cent. The steam 
was then cundensed and weighed. The water leaving the separa- 
tor was returned to the boiler. A reservoir with a foaming solu- 
tion was connected to the boiler and the slight quantity of so- 
lution necessary to correct for the moisture in the steam leaving 
the separator was fed to the boiler so that the concentration was 
maintained constant duringarun. The boiler was fed with Lake 
Michigan water which was heated nearly to saturation tempera- 
ture before entering the boiler. The quantity of water returned 
from the separator to the boiler was determined by closing a valve 
in the return line for a short period and observing the increase in 
water level in the separator. Sight glasses were located in the top 
of the boiler and in the line between the boiler and the separator 
so that visual observation could be made of the foam produced. 
The results are shown in Table 1, each line being the average of 
several tests. Test series Nos. 1 and 2 were made with a soap 
solution, and Nos. 3 and 4 with sodium salts, using 80 per cent 
sodium sulphate and 20 per cent sodium chloride. Test series 
Nos. 1 and 3 were made with liberation rates of 800 to 1000 lb per 
sq ft per hr and may be considered as representing conditions 
which could be found in a locomotive boiler when there is a sud- 
den increase in the rate of evaporation. In test series No. 1, a 
liberation rate of 998 with a solution of 5000 ppm (292 grains per 
gal) soap gave 58 per cent carry-over, and in test series No. 2, 


Water $ Quantities leaving boiler 
temp bh 
Test Boiler entering Total 
series pres- boiler, steamand Dry Mois- 
no. sure,psi deg F moisture steam ture 
1 194 368 518 216 302 
2 192 348 1280 238 1042 
3 182 363 422 223 199 
4 181 365 1797 159 1638 
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increasing the liberation rate to 2470 with the same solution gave 
81 per cent carry-over. Test series No. 3 with a liberation rate 
of 814 and 1400 ppm (82 grains per gal) sodium salts gave 47 per 
cent carry-over. Test series No. 4 was made under extreme con- 
ditions with a liberation rate of 3460 and 2800 ppm (163 grains 
per gal) concentration of sodium salts and resulted in 91 per cent 
carry-over. Observations through the sight glasses were very in- 
teresting. With all of the tests reported in Table 1, sight glass No. 
1 showed the top of the boiler to be full of foam. Sight glass 
No. 2 at the top of the pipe leaving the boiler showed the foam to 
be partly collapsed, and sight glass No. 3 showed that the foam 
at this point was almost completely collapsed into a liquid. These 
tests showed that, under conditions approximating the worst that 
may be found in locomotive opevation, it was possible for foam to 
carry a very high percentage of moisture, and that it should not be 
difficult to collapse this foam. This would indicate the desira- 
bility of an apparatus to collapse the foam and to be capable of 
discharging large amounts of moisture. 

In 1938, a series of investigations was started by the Electro- 
Chemical Engineering Corporation and Dearborn Chemical 
Company to study visually the behavior of the water and steam 
in a locomotive boiler. Tests made on the St. Louis-San Fran- 
cisco, Texas and Pacific, and Kansas City Southern Railways led 
to an elaborate investigation on the Missouri Pacific Railroad. 
These investigations are reported in a paper by Carrick (9). 

In the Missouri Pacific tests the inside of the steam dome was 
illuminated with special light bulbs and visual observations made 
of conditions inside the boiler through six sight glasses in the 
steam-dome cover. Sufficient illumination was furnished so that 
motion pictures could be made with the boiler operating under 
foaming conditions. One series of tests was made with the en- 
gine standing, and a second series with the locomotive in road 
service. The observations indicated that foam would rise in the 
boiler until the high-velocity steam would carry the foam into the 
dry-pipe entrance. The foaming of the water could not be gaged 
by the boiler-water concentration or by the water level in the 
gage glass in the cab. Under the worst conditions, the foam 
would completely fill the dome. As a result of these tests, the 
‘“Electromatic” foam-collapsing system was developed. This 
device will be described later in the paper. 


Carry-OVER BY EFFERVESCENCE 


It is possible for a small particle of liquid to be thrown upward 
due to the bursting of a bubble on the surface of a liquid. This 
condition has been investigated in detail by Seniff and reported 
in a bulletin of the American Railroad Engineering Association 
(10). The investigation showed that, in the absence of a foam 
layer, bubbles would burst almost instantly on reaching the sur- 
face of the water, and in bursting throw up a small particle of 
water. The size of the particle depended apparently upon the 
size of the bubble, and the height to which it was thrown de- 


Mois- 
Liberation ture 
rate, lb per from 
hr per sq ft boiler, 
water per 
surface cent Remarks 
998 58.3 5000 ppm (292 grains per 
gal) soap 
2470 81.4 5000 ppm (292 grains per 
gal) soap 
814 47.2 1400 ppm (82 grains per 
gal) sodium salts; 
per cent sodium sul- 
phate, 20 per cent so- 
dium chloride 
3460 91.2 


2800 ppm (163 grains per 
gal) sodium salts; 80 
per cent sodium sul- 

hate, 20 per cent so- 

ium chloride 
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TABLE 2 ANALYSES OF SCALE IN SUPERHEATER UNITS 
Sample 1 2 3 4 5 6 7 8 9 10 1l 
Per cent 
0.05 0.05 0.08 0.33 O. 0.0: 2.25 1.40 1.01 23.90 
en 
Other organic and 
1.67 1.30 6.04 5.20 4.12 0.40 11.26 13.05 32.80 
SESS 16.23 39.35 51.05 37.07 31 36 37.62 33.80 9.70 7.36 12.10 6.85 
Calcium carbonate 22.42 14.70 4.60 3.16 17.82 37.07 37.93 19.55 50.88 24.10 41.80 
Calcium sulphate. i 0.88 Trace 0.56 12.08 Trace 1.30 0.88 0.06 6.47... 
Magnesia........ 0.60 2.91 24.84 3.04 1.89 15.35 10.58 4.49 4.65 5.75 10.53 
5.02 17.6 10.82 3.62 10.00 4.00 5.62 40.00 4.50 9.20 2.49 
Alumina......... 47.94 21.16 7.00 16.70 20.64 5.70 4.00 23.00 19.53 2.40 2.00 
Sodium chloride.. 0.31 1.75 0.18 0.40 0.21 
Oil and other or- 
ganic matter... OS 0.05 1.4 6.4 5.3 0.08 6.4 1.8 12.4 37.0 $82.8 
Silicaandalumina 64. 60.5 58.1 53.8 2.0 43.3 37.8 32.7 26.9 14.5 8.9 


@ In combination with other oxides. 


pended upon the film tension and resulting internal pressure of 
the bubble. One series of observations was made in a test boiler 
with pressure similar to that in use on locomotives. A special 
lighting technique was used so that the extremely small particles 
could be seen. It was found that, under the particular test con- 
ditions used, the larger particles which were quite visible to the 
eye were only a small part of the total being projected into the 
steam space by the bursting bubbles. Some of these particles 
were so small that they remained suspended in the steam. With 
low boiler-water salt concentrations below 1000 ppm (58 grains 
per gal), there was a preponderance of the smaller-size particles. 
At higher concentration with a foam layer present, there were 
more of the larger-size particles. 

Other tests were made with air bubbles produced in water at 
atmospheric pressure and temperature, the results being similar 
to those observed in the boiler under steam pressure. While 
there may be some question as to the exact relationship between 
foaming and effervescence, it is a fact that under road-operating 
conditions, the carry-over from the boiler can have different 
degrees of density as determined by its electrical conductivity 
and by visual observation. 

Later in this paper,tests are described indetail of a steam dryer, 
with a discharge to the atmosphere, operating on a locomotive in 
road service. Certain of the observations made during these 
tests relate to the nature of carry-over. An electrode was lo- 
cated in the dome cover with the end close to the entrance of the 
tangential steam dryer. Through a relay this would light an elec- 
tric bulb in the cab when foam was present of sufficient density to 
complete the circuit. Observation of action of the discharge 
valve from the steam dryer showed when carry-overwas occurring. 
There were times when the dome electrode circuit did not light 
the cab signal, but the dryer discharge valve was operating, in- 
dicating that carry-over was taking place. In these same tests, 
visual observations were made of conditions inside the boiler with 
sight glasses. At times the foaming was so bad that nothing 
could be seen through the sight glass except a dense opaque mass 
completely filling the dome. At other times, the substance in the 
boiler steam space appeared to be hazy or semitransparent. It 
was not possible to observe the exact nature of the water and 
steam mixture under such conditions. It can, however, be 
definitely stated that the nature of carry-over will vary considera- 
bly with respect to its average density as determined by its elec- 
trical conductivity and by visual observations. 


EFFECTS OF CARRY-OVER 


The effects of carry-over will of course depend upon the nature 
of the substances leaving the boiler. The greater part of carry- 
over is usually moisture but it is possible to have an appreciable 
amount of solid matter. Table 2 gives the analyses of scale 
found in superheater units from eleven different railroads in all 


parts of the country. It can be assumed that some of this matter 
would find its way into the multiple throttle, valve chests, and 
cylinders. In most cases, there is a high proportion of silica and 
alumina. With such substances being carried into the valve 
chests and cylinders, it can easily be understood why carry-over 
will cause rapid wear of bushings and packing. At the same 
time, lubrication will be adversely affected and wear of recipro- 
cating parts accelerated. The analyses are arranged in descend- 
ing order as to the percentage of silica and alumina taken to- 
gether. It is interesting to note that, as the percentage of these 
two substances decreases, the amount of oil and other organic 
matter increases. 

Probably the worst effect of carry-over is in relation to the 
superheater. The superheater is designed to take steam with no 
appreciable amount of moisture and raise its temperature so that 
the maximum efficiency can be obtained when the steam does its 
work in the cylinders. Any moisture that is in the steam will re- 
duce the steam temperature at the cylinders. For a given oper- 
ating condition the amount of heat taken up by the superheater 
units is fixed, and the moisture entering the superheater will re- 
duce the final steam temperature, since some of the heat will be 
required to evaporate this moisture before superheating can be- 
gin. Steam tables show that for the same heat absorbed per 
pound of steam, there is a decrease in superheat of approximately 
15 deg for each 1 per cent moisture entering the superheater. A 
loss of 15 deg steam temperature means a decrease of 1.5 to 2 per 
cent decrease in cylinder efficiency with a corresponding increase 
in water and fuel consumption. A severe carry-over will result 
in the loss of all the superheat, so that saturated steam and water 
will enter the cylinders. 

Tests made many years ago showed that the use of superheated 
instead of saturated steam resulted in an increase of 25 to 30 per 
cent in efficiency and power. These tests were made with rela- 
tively low superheat. With the high steam temperatures ob- 
tained on modern steam locomotives, the loss of power due to loss 
of superheat can be even greater. 

Fig. 3 illustrates the relation between locomotive steam rates 
and superheat. The values given are for 250 psi. An increase 
in the steam rate means either a decrease in cylinder horsepower 
or an increase in fuel and water consumption. 

With large sums of money being spent for fuel it is readily seen 
that carry-over may cause an appreciable increase in the fuel bill. 
There is also an effect on the general railroad operation. The 
carry-over is likely to occur when the locomotive is being worked 
at its hardest. This means that, at a time when the maximum 
power output of the locomotive is required so that train move- 
ments may be made with maximum efficiency, the carry-over 
takes place and decreases the power output of the locomotive. 


? Taken from Table 25 of Steam Locomotive,” by Johnson 
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Fia. 3 Locomotive Steam Rates IN RELATION TO SUPERHEAT 


Continued carry-over may result in the failure of the super- 
heater units in service. The superheater-unit metal transfers 
heat from the hot flue gases to the steam inside the tubing. The 
temperature which the metal reaches depends upon the heat- 
transfer conditions, so that an equilibrium is established between 
the heat received by the metal from the flue gases and transferred 
from the metal to the steam. These conditions depend upon the 
temperatures of the gas and the steam, and the heat-transfer 
coefficients at the outside and inside surfaces. For a given pres- 
sure and temperature, the heat-transfer coefficient between the 
metal and the steam depends upon the velocity of the steam. 
The lower this velocity, the less the pressure drop through the 
superheater, but the lower the heat-transfer coefficient. Proper 
design of superheater units will insure that, under various oper- 
ating conditions, the relations between steam velocity and heat 
transfer are such that metal temperatures will not be in excess of 
a safe figure. The maximum metal temperatures are always at 
the back end of the superheater unit, and it is at this point that 
failures occur. When the back end of the unit is heavily coated 
with scale, it is obvious that the failure is due to the scale de- 
posits. It is not so easy to understand those failures which occur 
in actual practice when the metal is practically free from scale 
at the point where the failure has occurred. 

Assume that a locomotive is being worked at high capacity, 
which means a high temperature of the gases at the back tube 
sheet and a high gas velocity in the superheater flues; under these 
conditions, there should be a correspondingly high steam velocity 
inside the superheater-unit tubing. Now assume that in one unit 
the steam flow is restricted, such as would occur if there were a 
scale deposit at any point in the tubing between the entrance and 
exit. One effect is that the steam temperature leaving this 
particular unit will increase because there is a reduction in the 
weight of steam, and therefore an increase in the heat added per 
pound of steam. Furthermore, the decrease in the steam velocity 
will lower the heat-transfer coefficient at the inside surface of the 
tubing. Both these effects increase the metal temperature. The 
relation between the steam and metal temperatures at the back 
end of a superheater unit for various steam velocities and with 
constant flow and temperature of gases at the back tube sheet are 
shown in Fig. 4. 
tions have been made for the decrease in mean temperature differ- 
ence between the flue gases and the steam as the steam tempera- 
ture increases, and an increase in radiation from the superheater- 
unit metal to the flue in which it is located due to the increase in 
metal temperature. 

It can be seen that a reduction in the proper steam velocity 
will give an appreciable increase in the metal temperature. With 
a steam flow approximately 50 per cent of normal, the metal 
temperature reaches 1015 F, and with 23 per cent of normal, the 


In making the calculations for Fig. 4, correc- 
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metal temperature is 1200 F. At such temperatures, there is a 
rapid attack on the steel by steam. This is described in an article 
by Corey (12). At temperatures of 1000 F,some oxygen is availa- 
ble from the thermal decomposition of steam. Corey states 
that the partial pressure of oxygen from this source at such 
temperatures is too low to account for the rapid attack on the 
steel, and that a reaction takes place directly between the steel 
and the steam. The reaction results in the formation of mag- 
netic oxide and hydrogen. 

A number of investigations have been made at Purdue Univer- 
sity to determine the corrosion rate of various steels in contact 
with steam at elevated temperatures. The results for mild steel 
show a slight amount of corrosion at 1000 F. At 1050 F, the 
corrosion rate starts to increase rapidly. At 1200 F, the corro- 
sion rate is 15 times greater than that at 1050 F. 

In comparing laboratory tests with the results obtained under 
service conditions, consideration must be given to the effect of al- 
ternating thermal and mechanical stresses in the metal which tend 
to cause fissures through which the steam can reach the metal. 
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In this respect, the conditions in a locomotive superheater are 
perhaps the worst that can be imagined. Every change in the 
locomotive operating conditions results in a change in the tem- 
peratures and stresses in the superheater-unit metal. It is the 
combination of elevated metal temperatures and alternating 
stresses which results in the rapid deterioration of superheater 
units reported in a number of cases. The failure may occur in 
the superheater-unit return bend or in the tubing close to the 
return bend. 

Fig. 5 shows a return bend that has failed in service. For 
comparison, a new return bend made by the same process and of 
identical material is alsoshown. The black material at the inside 
edge of the failed return bend is magnetic oxide. Comparison of 
the inside contours of the two return bends indicates the con- 
tinual process of formation of magnetic oxide and subsequent 
breaking away of part of the layer. The process continues until 
the metal becomes sufficiently thin for steam pressure to rupture 
the metal. 

With the metal at elevated temperatures, there will also be 
corrosion of the steel by the oxygen in the flue gases in contact 
with the outside of the unit. The extent of this corrosion will 
depend upon the condition of the outside surface of the unit. It 
will usually be less when coal is used as a fuel than with oil. This 
is because there is usually some slag formation at the back end of 
the unit with coal. With an oil burner the sanding of the flues 
will keep the metal surface clean and allow increased contact 
between the steel and the oxygen. 
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Fic. 5 New SUPERHEATER-UNIT RETURN BENDS 


It has been shown that the corrosion of the superheater-unit 
metal at elevated temperatures is due to a restriction in the steam 
flow. Since such restriction is caused by deposits in the super- 
heater-unit tubing which result from carry-over, it is the carry- 
over which must be held responsible for the effect of superheater- 
unit failures on the efficiency of railroad operation. 

A superheater unit that fails in road service may cause a delay in 
train movement. The replacement of the unit means a delay 
in the roundhouse with time out of service for the engine. There 
is a direct expense chargeable to the actual work done in replacing 
the superheater unit. Even more important is the expense, 
owing to the fact that the large amount of money invested in the 
locomotive is not available for the production of revenue to the 
railroad. 


PREVENTION OF CARRY-OVER 


The prevention of carry-over may be accomplished by control 
of the foaming, the removal of the foam after it is formed, or a 
combination of the two methods. In the first group are feed- 
water treatment, antifoam compounds, and control of concentra- 
tion for the particular operating conditions. It is obvious that 
anything that can be done with feedwater treatment to reduce 
the dissolved and suspended solids in the boiler water and de- 
crease the amount of organic matter will be beneficial with respect 
to foaming. Any control in this direction must of course be con- 
sidered with relation to prevention of scale, corrosion, and em- 
brittlement. 


ANTIFOAM COMPOUNDS 


There are various antifoam compounds which are effective in 
controlling foaming. For a number of years the benefits ob- 
tained from castor oil in some form has been known. The sug- 
gestion has been made by Foulk (8) that the destruction of foam 
is due to the destruction of the stabilizing action of the solid mat- 
ter rather than to any change in the surface tension of the liquid. 
This theory is perhaps supported by the statement in the A.R. 
E.A. bulletin (1) that there is no evidence that the action of anti- 
foam compounds is based on surface tension changes. In recent 
years, amide types of antifoams have been found to give better 
results than the castor-oil compounds. 


CoNTROL OF CONCENTRATION IN BoILER 


For given operating and feedwater conditions, the most general 
method for controlling carry-over is by blowing down the boiler 
to reduce the concentration of solids. Since this reduces both 
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the dissolved and suspended solids it does not make a great deal 
of difference which is the more important in the production of 
foam. The blowing down may be done in any of three following 
ways: 

1 With manual control by the engine crew. If the boiler- 
water concentration is controlled by this method only, it is neces- 
sary for the supervisory forces to give proper instructions to the 
engine crews so that the blowing is in correct relation to the feed- 
water and operating conditions. It is also essential that a proper 
control be established to be sure that the instructions are carried 
out. The most common method of control in use on railroads is 
to take samples of the boiler water at the beginning and end of 
each run and to keep records of the concentrations. 

2 Byacontinuous blowdown. With this type of equipment, 
a predetermined quantity of water is continuously discharged to 
the atmosphere while the locomotive is working. The blowdown 
valve is automatically opened in response to steam-chest pressure. 
The quantity that is to be discharged is determined by the nature 
of the feedwater used, the type of feedwater treatment, and the 
engine operation for the territory in which the engine runs. An 
orifice is then used so that this particular rate of blowdown will 
be maintained. The discharge from the blowdown valve is taken 
to a separator from which the steam is discharged to the atmos- 
phere so that only the sludge and water are discharged to the 
ground. 

3 Intermittent blowdown, automatically operated by the 
conditions existing in the boiler at the time. This is accom- 
plished by a device known as the “‘signal foam-meter.’’ An 
electrode is mounted in the steam space in the boiler at a distance 
above the normal water level determined by locomotive operating 
conditions. When the foam in the boiler rises and contacts the 
electrode, an electrical circuit is completed which, through a re- 
lay, opens a solenoid valve. The solenoid valve admits air pres- 
sure to a piston which opens a blowoff valve connected to the 
boiler. In this way the amount of blowing is proportional to the 
foam-producing characteristics of the water in the boiler. A 
second shorter electrode in the boiler, when contacted by foam, 
lights a warning signal in the cab and indicates to the engineer 
that the foaming is too much for the automatic blowoff cock to 
control and that the manual blowoff cocks should be opened, and 
possibly the rate of working of the locomotive reduced. 


REMOVAL OF CaRRY-OvER From STEAM 


It is possible to prevent carry-over from leaving the boiler by 
an apparatus designed to separate the moisture and solids from 
the steam and blow them to the atmosphere. Such an apparatus 
must take care of any kind of foam or effervescence leaving the 
boiler. One such device, known as the ‘‘Electromatic Foam- 
Collapsing System,” is shown in Fig. 6. A trough is located in the 
boiler in the vicinity of the steam dome and dry pipe, the top of 
the trough being located above the water level in the boiler. If 
foaming takes place, the foam level will rise until it reaches the 
top of the trough. The foam will then collapse and the water 
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and solids in the steam will fall into the trough. When the water 
contacts the medium-length electrode, a circuit is completed and 
an air-eperated blowoff valve is opened in the same way as de- 
scribed in connection with the foam-meter. The blowoff valve 
discharges the contents of the trough to the atmosphere through 
a steam separator and will remain open until the water level is 
below the longest electrode. The third and shortest electrode 


operates a warning signal light in the cab. 


SreaM-SEPARATOR SysTEM TESTS 


Another system consists of a steam separator in the boiler con- 
nected to a discharge valve on the outside of the boiler so that 
any carry-over is blown to the atmosphere. The development of 
this device called for a large number of tests to be made in road 
service under foaming conditions and resulted in a great. deal of 
valuable information. The arrangement of the apparatus is 
shown in Fig. 7. 


SEPARATOR 


Fie. 7 Stream Dryer Wir DiscHarGe TO ATMOSPHERE 


Previous investigations had shown the possibility of large 
quantities of moisture being carried over under foaming condi- 
tions. Considerable development work resulted in a design of 
steam separator known as the ‘‘tangential dryer,” which is ex- 
tremely efficient at all steam velocities and is capable of handling 
high percentages of moisture. 

Referring to Fig. 7, the tangential dryer is located at the dry- 
pipe entrance. The discharge from the dryer through which the 
separated moisture is delivered is connected to a discharge valve 
mounted on the outside of the boiler. When any moisture is 
carried into the discharge valve, an electrical circuit is completed 
through an electrode to operate a relay which opens a solenoid 
valve. This admits air to the piston which operates the dis- 
charge valve. The discharge from the valve is connected toa 
separator on top of the boiler so that the steam is discharged to 
the atmosphere and only hot water tothe ground. A vent pipe 
with a small orifice leads from the discharge valve to a point of 
lower pressure, such as a superheated-steam auxiliary pipe. 
The small quantity of steam which flows through the orifice 
keeps the discharge valve free of air and establishes a flow con- 
dition which insures the prompt action of the valve as soon as 
moisture enters the steam dryer. 

To determine the performance of the dryer discharge valve, 
tests were run on a western railroad which was known to have very 
bad foaming conditions. During the tests the boiler evapo- 
ration was from 70,000 to 100,000 lb of steam per hr. The 
tangential dryer was fitted to a 9'/,-in. dry pipe, and the 2-in. 
dryer discharge valve had a capacity of 40,000 lb per hr of 
saturated water at boiler pressure. The performance of the 
dryer discharge system was determined by comparative tests 
made with the system turned on and shut off. The test results 
are given in Figs. 8 to 11, inclusive. These four tests were run 
over the same territory on three successive days, with the last 
two series being run on the same day, so that as far as possible 
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the tests with the system turned on and shut off were made 
under the same conditions. 

The steam temperature was taken in the steam pipe and also 
leaving a No. 1 shape superheater unit. This is in the top row 
of units and is connected into the header at a point nearest to the 
dry-pipe entrance. Moisture naturally flows first into this shape 
unit and its presence is indicated by the difference between the 
temperature of the steam leaving the unit and the steam-pipe tem- 
perature. The moisture in the dry pipe was measured by two 
throttling calorimeters. One was connected to a standard 
A.S.M.E. sampling tube across the center of the dry pipe. Since 
the tangential dryer imparts a whirling action to the steam, a 
second calorimeter was connected to a sampling tube, consist- 
ing of a piece of !/;-in. pipe extending into the bottom of the dry 
pipe for a distance of '/, in., with the side toward the direction 
of flow cut away. 

The four readings mentioned gave an indication as to the extent 
of carry-over into the superheater. Sight glasses were installed 
in the dome cover so that visual observation could be made of 
the conditions inside the boiler. Readings were taken of the 
water level and the exhaust pressure, the latter being a measure 
of the rate of working of the locomotive. A record was made of 
the number of seconds in each minute of testing that the dryer 
discharge valve was open. It was explained earlier in the paper 
that a short electrode mounted in the dome cover would operate 
a signal light in the cab when the water-and-steam density was 
sufficient to complete an electrical circuit. 

The results are given in the form of curves showing the change 
in the various observations for each minute of testing. The first 
test, shown in Fig. 8, does not include all of the readings taken in 
subsequent tests, but is reported because it illustrates a very bad 
condition of carry-over. With the boiler under foaming condi- 
tions, readings were taken for the first 11 min, recorded in Fig. 8, 
with the dryer discharge system shut off. The steam temperature 
in the steam pipe was at boiler saturation temperature, and water 
was being thrown out of the stack and through the cylinder cocks, 
which were open. After 11 min, the dryer discharge system was 
turned on. The discharge valve opened and blew steadily for 3 
min and at short intervals thereafter. At the end of 3 min, the 
steam temperature had increased from 400 to 660 F, and 19 min 
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after the dryer discharge valve had been opened the steam-pipe 
temperature had reached 740 F. From the 22nd min to the 37th 
min, the dryer was discharging for intervals varying from 1 to 8 
sec per min, showing that carry-over into the dryer was still 
occurring, and that the moisture and solids were being separated 
and discharged to the atmosphere. 
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STANDARD Tests EsTABLISHED 


After this test, it was realized that it would be better to produce 
a standard test condition so that the locomotive operation with 
and without the dryer discharge valve in action could be deter- 
mined. Fig. 9 shows how this was done. The locomotive was 
operated at approximately 10 lb exhaust steam pressure and, 
when conditions were steady, several readings were recorded. 
The rate of evaporation from the boiler was then suddenly in- 
creased by increasing the cutoff, and observations were made of 
the results of the carry-over. 
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Referring to Fig. 9, the rate of evaporation was suddenly in- 
creased just before the 7th min as indicated by a rise in the ex- 
haust pressure from 10 to 18 psi. Immediately, carry-over 
started and the dryer discharge valve opened. For 3!/2:min the 
dryer discharge valve was open continuously. There was a 
momentary drop in the steam temperatures and increase in the 
dcy-pipe moisture, but after 3 min the steam-pipe temperature 
was back to normal, and the steam temperature leaving the No. 1 
shape unit showed only a slight amount of moisture. The calo- 
rimeter connected to the center sampling tube showed dry steam, 
and that connected to the bottom showed some moisture. 

It should be pointed out that, while the moisture readings are 
represented as actual quantities, they should not be interpreted 
too literally. It is only possible to obtain a true sample when 
the steam-and-water mixture is homogeneous, and this is not 
possible in a dry pipe after the steam has left a dryer which has 
subjected the steam and water to a centrifugal action. At the 
end of the test shown in Fig. 9, a few more readings were taken 
with the dryer discharge system shut off. These readings show 
moisture entering the superheater as indicated by the steam- 
temperature and calorimeter readings. 

Fig. 10 gives a series of readings taken with the dryer discharge 
system shut off, thus showing what can occur if no steps are taken 
to control the carry-over into the dry pipe. As before, the test 
was started by increasing the rate of evaporation suddenly. The 
temperature of the steam leaving the No. 1 shape unit dropped to 
boiler saturation temperature and there was a considerable drop 
in the steam-pipe temperature. Both calorimeters show mois- 
tureinthedry pipe. After 9 min, the observations indicated that 
the carry-over decreased. This was probably due to the fact 
that concentration of both dissolved and suspended solids in the 
boiler had been reduced by the amount carried away. At 18 min, 
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the carry-over became worse again but not to so great an extent 
as the first occurrence. 

The next series of tests, shown in Fig. 11, was made with the 
dryer discharge system both turned on and shut off for practically 
continuous locomotive operation. The test was started with 
the discharge system shut off, and a foaming condition was 
created by increasing the exhaust pressure from 10 to 20 psi. 
Considerable carry-over immediately resulted. The steam- 
temperature and calorimeter readings show the same alternations 
in severity of carry-over as pointed out for Fig. 10. At 20 min, 
the dryer discharge system was turned on. Five minutes later 
both calorimeters indicated zero moisture and both steam tem- 
peratures were together at 675 F. With such readings, it must 
be assumed that the steam in the dry pipe was practically dry. 
The dryer discharge valve continued to blow intermittently show- 
ing that carry-over into the dryer was still occurring. The train 
then went through a siding slowly but did not actually stop. 
After getting back to the main line, readings were continued with 
the dryer discharge system shut off. With 18 psi exhaust pres- 
sure, the steam-temperature and calorimeter readings show a 
severe carry-over. At 60 min of the test, when both steam tem- 
peratures were at the boiler saturation temperature, the dryer 
discharge system was turned on. The steam temperatures 
immediately started to increase and moistures indicated by the 
calorimeters approached zero. At the end of 62 min, the engine 
came to a stop and the test was ended. 

All during these tests, the observations made through the sight 
glasses were interesting. At the very beginning with good water 
in the boiler, the surface of the water appeared relatively clear. 
Later, when the water was in a foaming condition, the surface of 
the water would usually appear to be a grayish color. When in 
this condition, an increase in the rate of evaporation would cause 
the foam level to rise and, when it approached the entrance to the 
dome, the steam would carry it up so that the dome would be en- 
tirely filled. As stated earlier in this paper, the degree of foam- 
ing would vary from a condition where the dome was completely 
filled, and nothing but a dark mass could be seen through the sight 
glasses, to a hazy or semitransparent condition. 


RELATION BETWEEN CARRY-OVER ON WORKING RATE OF ENGINE 


One of the most significant results obtained from these tests is 
the relation between carry-over and a change in the rate of work- 
ing of the engine. It is always true that foaming will increase 
when the rate of evaporation is increased, but the effect is very 
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much worse when the rate is changed suddenly. The tests show 2 “Suspended Solids in the Foaming and Priming of Boiler 

directly what occurs when there is a sudden increase in the rate long an C. W. Foulk, Mechanical Engineering, vol. 58, 1936, 

of working, as indicated by the increase in the exhaust pressure. al 3 , “Foaming of Boiler Water,” by C. W. Foulk, Industrial and 
It is possible for carry-over to be sufficiently severe for the Engineering Chemistry, vol. 16, 1924, pp. 1121-1125. 

engine crew to notice it, as for the conditions illustrated in Fig. 8. 4 “The Priming of Saline Waters,” by A. F. Joseph and J. S. 


Frequently, carry-over is taking place with no indications to the pre en ingot = ao aa Industry, Transac- 
: ions Section, vol. 46, 7, pp. - 

engine crew. Figs. 9 to 11, inclusive, do not show any change in 5 “Observations on the Priming of Saline Waters,” by J. 8. 

the water level that can be attributed to anything but the normal Hancock, Journal of the Society of the Chemical Industry, Transac- 

variations obtained due to track conditions and operation of the _ tions Section, vol. 49, 1930, pp. 369T-374T. 


boiler feed pump. The condition of the water in the glass during 6 “Solid Matter in Boiler-Water Foaming—I,” by C. W. Foulk 
these tests was good at all times. In spite of this, the readings = » 


proved that sufficient carry-over was taking place to impair the 7 “Solid Matter in Boiler-Water Foaming—II,” by C. W. Foulk 
efficiency of the locomotive and, over a period of time, to result amy aa Industrial and Engineering Chemistry, vol. 26, 1934, 
8 “Solid Matter in Boiler Water Foaming—III,” by C. W. Foulk 
SUMMARY and H. C. Brill, Industrial and Engineering Chemistry, vol. 27, 1935, 
pp. 1430-1435. 
It seems probable that the major cause for carry-over in loco- 9 “A Motion Picture Study of Locomotive Boile | oaming,” 


motive boilers is due to foaming. Various investigators in the by O. W. Carrick, Brotherhood of Locomotive Firem 4 Engine- 


past have produced evidence both for and against the theory W. Sen- 


that suspended solids increase foaming. With the feedwater iff, American Railway Engineering Association, Bulletin 446, June, 
treatments commonly used on railroads, locomotive boilers have July, 1944, pp. 57-76. ; be 
to operate with both dissolved solids and suspended solids in 
appreciable amounts and with as high a concentration as may be jg 

permitted so that the amount of heat blown away is at a mini- 12 “Corrosion by Hot Gases,” by R. C. Corey, Combustion, vol. 
mum. 15, 1943, pp. 34-39. 

The effects of carry-over are extremely injurious, particularly 
with respect to wear of valve and cylinder bushings and packing, 
decrease of cylinder efficiency by the reduction in superheat, and 
failure of superheater units due to scale restriction. 

Proper control of feedwater treatment will help to minimize 
foaming. Usually, antifoam compounds will increase the con- 
centrations that may be carried in the boiler. The control of the 
concentration in the boiler is extremely important and may be 
done manually or by continuous or automatic blowing. 

Even with everything possible being done to prevent foaming 
in the boiler it seems desirable that means should be taken to 
separate carry-over from the steam and discharge the carry-over 
directly to the atmosphere. This may be done by means of a 
suitable design of steam separator connected to an automatically 
controlled outside-discharge valve. 


Discussion 


R. A. Carr.‘ The author and his associates have made a 
comprehensive study of the water carry-over problem. Serious 
work of this nature is appreciated by everyone interested in the 
betterment of the steam locomotive. 

In his outline of the causes of boiler-water foaming, a distinc- 
tion must be drawn between the types of ofganic matter which 
aggravate foaming. Decayed vegetation in surface waters and 
sewage or industrial-waste pollution in streams are the principal 
offenders. Tannin extract, however, also comes under the gen- 
eral term of organic matter and it is widely used as a valuable 
constituent of locomotive-boiler-water treatment. In addition 
to other useful characteristics, certain grades of tannin act to re- 
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basis of the newest antifoam water treatments are also classified 
chemically as organics and they are definite foam inhibitors. 

The visual studies of the interior of a working locomotive 
boiler made by the Electro-Chemical Engineering Corporation 
and the writer’s company in 1938 are believed to be the first 
such studies ever made. They forcibly brought out the fact that 
the foam-creating substances in the boiler water could be removed 
much more effectively by skimming the contamination from the 
surface of the boiling water than by depending upon the con- 
ventional mud-ring blowoff which is located about as far as pos- 
sible from the foaming region of the boiler. 

At the time foaming develops in a working boiler there is a 
definite flotation effect taking place. Oil and suspended sludge 
are carried to the top of the boiler in the foam bubbles, and the 
quickest way to settle the foaming water by blowdown is to re- 
move this floated contamination. The author has included in 
his presentation of the carry-over problem the ‘Electromatic 
Foam-Collapsing Blowoff System” which was developed from the 
original ‘‘Electromatic Signal Blowoff” as a result of our foaming 
boiler-water investigations. By operating a blowoff valve from 
the foam-collapsing trough, and a blowoff valve from the mud 
ring, through the same electrical circuit, test samples of boiler 
water have been taken simultaneously from the top and bottom 
of a foaming boiler. The collapsed foam and water, blown from 
the trough at the water surface, has contained 137 grains of 
sludge per gal, while water blown from the mud ring has con- 
tained 42 grains of sludge per gal. 

Anything which will prevent water carry-over is an improve- 
ment in the steam-locomotive boiler. Some sort of automatic 
blowing is needed, either with or without chemical antifoaming 
water treatment, and when automatic blowing is combined with 
means for entrapping and removing water from the steam space, 
worth-while progress is being made. 


J. R. Jacxson.* Having in mind experience with locomotive- 
boiler waters west of the Mississippi for a number of years past, 
the writer knows foaming as an increasingly serious operating 
problem, and that the carry-over of the quality of boiler waters 
with which we have to deal in many sections of the country is a 
current major problem which must be solved if the development of 
the steam locomotive is not to become static. There is no doubt 
but that the seriousness of the carry-over problem has been in- 
creasing during the past few years and that with the extended 
use of chemically treated water and the gradual increase in size 
of locomotive boilers, carry-over is adversely affecting efficiency of 
operation and also increasing maintenance costs in many in- 
stances. 

As indicated in the paper, there appear to be two ways of con- 
trolling carry-over within the present conventional design of loco- 
motive boiler: (1) to correct it at the source through treatment 
to provide solid water, and (2) to provide mechanical means 
for preventing carry-over into the superheater if and when foam- 
ing occurs. 

Being responsible for water treatment on the Missouri Pacific 
Lines for some 12 years past, the writer has had to answer for 
foaming delays and mechanical upkeep of locomotives in so far 
as water is or may be involved. Approximately 75 per cent of 
the water supplied locomotives on our railroad is chemically 
treated. On some divisions we have foaming water the year 
around, on other divisions, seasonally. Some 5 years ago we 
started to learn something about the development of foam 
within locomotive boilers and to study means for control- 
ling carry-over. The author has mentioned that part of our 
work related to the development of the Electromatic Foam- 
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Collapsing System. This work was in collaboration with the 
Electro-Chemical Engineering Corp., Chicago, which has since 
placed this device on the market and now has many installa- 
tions in service on the railroads of the country. 

Parallel with the development of this mechanical means for 
carry-over control, we carried on extensive service studies of 
antifoam additives in an endeavor to correct the trouble at its 
source. The considerable progress we have made in this direc- 
tion is the basis for belief in water treatment in preference to 
mechanical means for controlling carry-over in locomotive 
boilers of present conventional design. 

As an example of what can be accomplished by the use of anti- 
foam additives will be mentioned the record of a through 910-mile 
trip in freight service during May, 1941, between St. Louis, Mo., 
and Pueblo, Colo. During this test trip the antifoam additives 
were handled by a water chemist at all points where water was 
taken en route, eighteen watering points inall. A total of 157,735 
gal of water were consumed, of which 1780 gal were blown out 
at the intermediate terminal-servicing points passed through. 
Starting with a water change at St. Louis, the boiler did not 
indicate a condition of foaming water during the entire 910-mile 
trip; total dissolved solids (grains per U. S. gallon), 28 leaving 
St. Louis and 620 arriving Pueblo. Without the use of the 
antifoam additives it would have required from 15 per cent up- 
ward on-line blow to control foaming with the feedwaters availa- 
ble, and there could have been carry-over at numerous times 
during the last 500 miles of the trip. 

As a result of extensive experimentation with foam-control 
additives during 1940, 1941, and 1942, we equipped our Colorado 
Division with automatic plants for supplementary treatment at 
key watering points on the 338-mile division and operated suc- 
cessfully on a locomotive mileage-service contract with the 
Dearborn Chemical Company for a period of 2 years. We also 
have an experimental plant at St. Louis and have experimented 
with a powder form of antifoam additive handled manually over 
the entire railroad with generally satisfactory results. We cannot 
say that we yet have an antifoam material that is universally 
effective with all combinations of locomotive-boiler waters on 
our system or that the treatment is entirely foolproof, but we are 
making progress and feel that we are working in the right direc- 
tion. 

As for the phenomenon of carry-over and the best means of 
prevention from a mechanical standpoint, we have spent hours 
on top of a locomotive boiler in road service, looking down 
through sight glasses in the dome cap into an illuminated space 
beneath the dome and have observed all conditions from solid 
water and a clear steam space to a frothy foam completely filling 
the dome and being carried over into the dry pipe. We believe 
that once the foam has filled the dome and is being carried over 
into the dry pipe, it is too late to prevent carry-over into the super- 
heater where a relatively small quantity of highly concentrated 
carry-over can dry out, deposit on the relatively hot interior 
surfaces of the superheater, or carry through as dust to affect 
lubrication of valves, cylinders, or appurtenances on the loco- 
motive using superheated steam. From personal experience the 
writer believes that the best way to prevent carry-over in a loco- 
motive boiler is to keep the dome as free from obstructions as pos- 
sible and to maintain as great a free height as possible between the 
top surface of the foam and interior of the boiler shell around the 
dome entrances. The increasing size of locomotive boilers within 
fixed overhead-clearance limitations has resulted in reducing the 
steam dome to little more than a flange for the manhole cover, 
thus increasing the desirability for solid water to prevent carry- 
over. 

That other investigators are thinking and working along 
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the same lines is evidenced by a recent report® to the Master 
Boiler Makers’ Association. The following statements are made 
in this report: 

“It is hoped that sufficient knowledge of the chemistry and 
physics of foaming and spray will soon be gained to permit its 
control either by chemical or physical means. We should all 
do more thinking about the subject from the foam-control angle, 
keeping in mind that foaming is not a function of the quantity of 
dissolved solids but rather their quality. We can carry terrific 
concentrations of dissolved solids without foaming under certain 
specific conditions. When we have learned to apply this under 
any and all conditions we will have found the answer to the foam 
problem. 

“The chemical treatment of feedwater for scale and corrosion 
prevention is commonplace but there is still room for further 
improvement in purifying the steam before it enters the dry pipe 
of the locomotive. The elimination of the foaming of the boiler 
water is a prime requisite for satisfactory locomotive oper- 
ation. 

“Moisture carry-over of a subtle nature by so-called efferves- 
cence remains a major problem on many railroads. It is respon- 
sible for encrusted superheater units, cut-out valve bushings, 
destruction of cylinder packing, and serious impairment of the 
lubrication of valves and cylinders. This is a water problem which 
can be overcome by proper chemical treatment of the water.” 

It may be added that this same committee recommends that 
the crown sheet in locomotive boilers be lowered to provide more 
steam space, suggests a change in construction whereby this 
may be accomplished in existing boilers, and that observations 
be made to determine whether or not beneficial results are ob- 
tained in the control of carry-over. 

It is believed that the mechanical-engineering profession 
should give detailed study to the problem of carry-over from the 
standpoint of steam space and steam take-off and delivery in the 
locomotive boiler, more particularly as applying to locomotive 
boilers to be built during the years ahead. 


V. E. McCoy." For many years the writer’s company has 
supported research programs at Ohio State University and at 
other laboratories as well as carrying out research work in its 
own laboratory to determine the causes of foaming, the various 
forms of foam and carry-over, and developing special treatments 


which eliminate foam formation. Some of the reports quoted 
in this paper are the product of this program. 

We have recognized that under all conditions of locomotive 
operation there is a small amount of carry-over, and we have 
made our recommendations to our railroad customers as to treat- 
ment and blowdown schedules with this in mind in order to pro- 
tect the superheaters as much as possible from scale formation 
and also to protect the locomotive engine from damage due to im- 
pairment of lubrication. 

This paper indicates that a mechanical device can be incor- 
porated between the steam dome and the superheater that will at 
least reduce if not entirely eliminate the moisture from the steam 
and thus prevent damage to the superheater and the engine from 
this cause. We feel this is an important development and are in 
agreement with the principle involved. However, we would like 
to add a word of caution in case some might think that a device 
of this nature can be depended upon to take care of all the blow- 
down requirements in locomotive-boiler operation. 

Blowdown is required to keep the build-up of dissolved solids 


‘Treating Boiler Feedwater,’’ Master Boiler Makers’ Associa- 
tion Proceedings, Topic no. 2, 1944, pp. 63-69; also Railway Mechani- 
cal Engineer, vol. 118, 1944, pp. 496-497. 
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below some predetermined figure and also to keep the amount of 
solid matter normally in suspension in the boiler water from con- 
centrating to such a point that the normal water circulation can 
no longer hold this solid matter in suspension. It is then pre- 
cipitated out of the water in the form of mud banks that may 
cause overheating of the boiler steel and consequent difficulty. 

We would recommend, in cases where a mechanical device of 
this kind is installed to eliminate moisture from the steam, that it 
should be maintained solely for that purpose and that normal 
blowdown practice be continued to avoid foam formation and 
prevent too great concentrations either of suspended solids or 
dissolved solids in the boiler water. 

It seems desirable to clarify one point. A quotation is made 
regarding organic matter. In the particular instance quoted, the 
specific organic matter (probably sewage) did contribute to 
foaming. However, there are thousands of organic compounds 
a great many of which have antifoam properties. In fact the 
very best of the so-called “antifoam” materials are organic. ~ 
Practically all water-treatment materials in use today provide 
organic materials of one kind or another which are required in 
some fundamental aspect of the treatment program. We want 
to point out these facts as otherwise all organic materials might 
be considered to be harmful to boiler performance and that is 
definitely not the case. 

We feel that devices of the type tested and reported upon in 
this paper will be of great benefit to locomotive performance and 
take this opportunity of commending the author on his presenta- 
tion. 


R. M. OsterMANN.2 Within the last 30 years, the approxi- 
mate period during which the writer, in his association with The 
Superheater Company, has witnessed at close range the fight 
which railroad mechanical men, water chemists, and the com- 
pany’s engineers have waged against the growing menace of 
carry-over in locomotive boilers, the latter’s steam-generation 
duty has not only vastly increased but they have also be- 
come more and more handicapped in rendering their duty in a 
normal manner. While the necessity of having to move ever 
heavier trains at ever higher speeds created a market for loco- 
motives with a greater and greater maximum-horsepower output, 
the railroads’ clearance profiles could, of course, not be similarly 
expanded nor could most railroads sufficiently increase the 
strength of their tracks and bridges so as to allow a substantial in- 
crease of driving-axle loads, 

The general result has been that our more modern steam locomo- 
tives have had to be equipped with boilers which mainly derive 
their enlarged steaming capacity from longer fireboxes, larger com- 
bustion volumes, and larger grate areas on which an enlarged 
amount of coal can be burned with reasonable combustion effi- 
ciency. The diameter of the boiler barrel could rarely be suffi- 
ciently increased to provide a steam space and a steam-liberating 
surface commensurate with the large increase of steam-gener- 
ation capacity. It is thus that we have come to face the tre- 
mendous carry-over problem which the author has so ably dealt 
with in his paper. Had it not been for the substantial decrease 
of the steam consumption per horsepower which we have at- 
tained by raising the superheat to the very maximum that is 
practicable with a reciprocating locomotive, our predicament 
would have been still greater when handling some of our highly 
treated feedwaters. 

It is thought that the idea of separating the carry-over from 
the steam and of getting rid of it before the steam reaches the 
superheater, which idea the author has described and made 
practical, is eminently sound. The realization of this idea un- 
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questionably represents the most logical and direct attack upon 
the problem. Credit should be also given for the development 
of the “Signal Foammeter” and of the electromatic blowoff foam- 
collapsing trough, both of which have undoubtedly paved the 
way for the author’s latest development. 


W. A. Pownatu.* The author has briefly described results 
from water treatment and emphasized the fact that an un- 
fortunate result is the increased foaming tendency of treated 
water, with the resultant carry-over of water and suspended 
matter into superheater units and into the valves and cylinders. 
Whether this foaming be due to dissolved solids, suspended solids, 
a combination of the two, or to other causes, is of no special im- 
portance except for the effect of these causes on the develop- 
ment of corrective measures. The primary object is so to 
control the water in the boiler that the carry-over will not occur. 
With waters of low to moderate alkali salts this can be done by 
’ systematic use of the blowoff cock and, except for very bad waters, 
the use of an antifoaming compound in combination with the 
blowoff cock will accomplish the desired results. These points are 
also well covered by the author. 

A modern large locomotive carries a 5000-hp boiler with water 
level subject to considerable disturbance at high speeds; and be- 
cause of clearance limitations this boiler has limited steam space 
and steam liberation per square foot of water surface is rapid. 
Under these conditions, even with a good measure of foaming 
control, there may be occasional carry-over of water. 

When a locomotive that by using superheated steam has in- 
creased its efficiency 20 to 25 per cent is affected by water carry- 
over, it loses that extra efficiency and approaches a saturated- 
steam locomotive in performance. In essence the carry-over 
has changed the superheater into an ordinary boiler, with a re- 
sultant reduced capacity of the locomotive as well as increased 
fuel and water consumption. 

The foam-collapsing trough is of advantage in providing ad- 
ditional steam space directly under the throttle and it acts as a 
blowing-off device to remove the concentrated water at the criti- 
cal time. The steam separator functions, not as a preventer of 
foaming, but to remove water from the steam before it reaches 
the superheater units. The tests of the steam dryer quoted in 
the paper indicate definite removal of carry-over water. Neither 
device apparently permits of any increase in concentration of 

“dissolved solids before foaming occurs. 

The removal of water and entrained solids from the steam 
before entering the superheater unit is quite worth while in im- 
proved superheater and cylinder performance and in preventing 
stopping and burning of superheater units. 

Serious thought should be given to changes in boiler design 
with a view to increasing the steam space, improving dome de- 
sign, getting a most favorable dome location, baffling; in fact, 
any change to keep the throttle as high above the water level 
as possible and slow down the movement of steam to the throttle. 


J.L. Ryan." The lines of the writer’s employer are so located 
that the well-known mid-western and southwestern boiler-water 
conditions are encountered, and the performance of an equipment 
for removing the moisture in the dry pipe to prevent its carrying 
through to the superheater is of more than passing interest. 

‘he character of the tests, Figs. 8 to 11 of the paper, and the 
romponent parts of the equipment, Fig. 7, are familiar, these 
lu.es having conducted tests in 1935, with a steam separator ap- 
plied to discharge the moisture carry-over to the atmosphere. 
However, the equipment had less capacity than that of the pres- 

Wabash Railroad Company, Decatur, 
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ent equipment and was without the electric automatic control of 
the water discharge. Visual observations were made in 1938, 
of the action of the steam and water within the boiler through 
sight glasses installed in the dome cap. The solenoid valve and 
blowoff separator or muffler are standard equipment as parts of 
the electromatic blowoff apparatus. 

The test results in Figs. 8 and 11, showing the effectiveness 
of the tangential steam dryer with electric automatic control of 
the water discharge to the atmosphere in correcting bad carry- 
over conditions, are encouraging and justify tests by those having 
superheater-unit maintenance problems and valve- and cylinder- 
lubrication difficulties. 

In addition to presenting the foregoing test results, the author 
also supplies basic data on design and operation that are too 
often neglected. Two of these are the influence that the height 
provided in the boiler above the mean water level has upon opera- 
tion at high work rates, and the steam-liberation curve, Fig. 1 of 
the paper. Both should be given major consideration when de- 
signing a boiler. 

Regarding the height provided in the boiler above the mean 
water level, i.e., the height that is available for steam, it has been 
the writer’s experience that in addition to providing maximum 
height at the steam dome consistent with balanced design, it 
can be continued throughout the length of the boiler to an operat- 
ing advantage, as maximum steam space is important in pro- 
viding favorable performance at high work rates and in cushion- 
ing violent increases in the rates. Weight limits, however, 
frequently govern the boiler that may be provided. 

A calculated steam-liberation curve similar to that shown in 
Fig. 1 should be studied for each boiler when designed. The 
peak directly ahead of the back tube sheet would no doubt in- 
fluence placing the steam dome forward of some of the older 
practices. The U.S.R.A. light Mikadoes have the steam dome 
placed with the center line 30 in. ahead of the back tube sheet 
and the entrance at the back only 15!/,in. ahead of the back tube 
sheet. The writer favors extended wagon-top construction 
and the steam dome placed 7 to 8 ft ahead of the back tube sheet. 

A record of the steam space at various water levels and the 
steam-liberation curve for maximum evaporation for the im- 
portant classes on a railroad are of value in connection with opera- 
tion and its problems. 

The temperature curves, Fig. 4, for metal and steam, where 
the superheater unit has its full area, and the curves are carried 
upward showing the temperatures for severe area restriction, 
provide a clearer understanding of the failure of return bends 
as represented by the one shown in Fig. 5 of the paper. 

With reference to the matter of controlling the concentration 
in the boiler by blowing; of the three methods, manual, continu- 
ous, and automatic intermittent, the writer considers the 
latter supplemented by manual means to be the most ‘practical 
where locomotives are run through over a number of divisions 
having different water conditions. 

The author’s statement that one of the most significant results 
obtained from these tests is the relation between carry-over and 
a change in the rate of the working of the engine is well substan- 
tiated by the data in Figs. 8 to 11, inclusive. However, the 
writer does not find in these data entirely clear substantiation 
for the author’s statement that it is always true foaming will 
increase when the rate of evaporation is increased, but the effect 
is very much worse when the rate is changed suddenly. The 
effect of sudden increase in work rate on carry-over can be checked 
to best advantage from the data when the separator blowoff was 
turned off, which was the first 11 min, Fig. 8; the 28th to 32nd 
min, inclusive, Fig. 9; the entire test, Fig. 10; the first 20 min, 
Fig. 11, and 52nd to 60th min, inclusive, Fig. 11. The test period, 
Fig. 8, was made with exhaust pressure of 16 to 18 psi. There 
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was no appreciable variation in the exhaust pressure for the 
period 28th to 32nd min, inclusive, of test, Fig. 9; Fig. 10 con- 
tains data for two gradual increases from 17 to 24 psi. However, 
there are no data for comparison where the work rate was changed 
suddenly from 17 to 24 psi. The work rate was gradually in- 
creased 15 to 26 psi exhaust pressure in the period from the 
52nd to 58th min of test, Fig. 11, the branch-pipe temperature 
decreasing from 675 F to that of the saturated steam. 

Positive information on the extent of the carry-over that occurs 
when making given work-rate increases, when the change is 
sudden and when it is gradual, would be of value to the railways 
for educational purposes with their enginemen. It would neces- 
sarily vary for some classes owing to the difference in the propor- 
tions of boilers. 

One cannot entirely avoid these sudden increases in the work 
rate in locomotive operation, particularly on single-track main 
lines. An excellent example is an approach to an order board 
with a locomotive eased off and then the immediate high work 
rate that frequently follows receiving a few minutes’ additional 
time that permits making a close meet. 

When familiar by experience with the influence that carry- 
over has on the immediate performance of a locomotive, one 
cannot but take exception to the author’s statement that it is 
possible for carry-over to be sufficiently severe for the engine 
crew to notice it, as in the case of the conditions illustrated in 
Fig. 8. Continued operation with the conditions that existed 
for the first 11 min of this test would have been practically 
impossible, as the steam-pipe temperature was that of the satu- 
rated steam. This would result in 30 to 35 per cent reduction 
in the cylinder work rate or, if maintained, an increase in steam 
demand of approximately 50 per cent. The influence of the 
carry-over in Figs. 10 and 11 would be definitely observable by 
seasoned enginemen. 

It is possibly fitting to add that the operating and mainte- 
nance departments of many of the carriers will indeed be in- 
debted to the one who provides the solution to the problem of 
“carry-over.”’ The test results presented by the author are such 
that the writer is inclined to the opinion that the author and his 
fellow workers have made a long stride in providing this solution. 


R. W. Senirr.'! The ever-increasing demands being placed on 
steam-locomotive performance greatly enhance the value of in- 
formation such as that presented in this paper. The data from 
the tests are convincing and contribute valuable knowledge of the 
art of locomotive-boiler operation. 

It is gratifying to read a paper where the vague (the writer 
would like to say obsolete) word “priming” is not used and where 


there is such an excellent choice of specific, clearly defined, de- 


scriptive terms. The only possible exception appears to be in 
the use of the term “effervescence,” the definition of which is not 
descriptive of the phenomenon referred to. 

The author is to be congratulated for his broad view of the 
problem which is typified by one of his opening statements, 
“There is no standard treatment for feedwater and each case 
must be studied ...., ” and again in his summary where he 
recognizes the various aspects of the locomotive-boiler carry- 
over control preblem. 

Nowhere in the power-boiler field are so many variables en- 
countered. Ona single railroad operating division the variables 
introduced by the number of water supplies of differing qual- 
ities, the number of treating plants, the number of boilers, the 
number of different operators handling the boilers, complicated 
further by the erratic boiler-operating conditions peculiar to 
railroading, make the problem of precise control of feed- and 
boiler-water conditions much more complex than that encountered 
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in stationary or marine service. These erratic variables which 
make precise control difficult also make precise and responsive 
control more essential. The tangential steam dryer appears to 
fulfill this requirement by reacting quickly and in a positive man- 
ner. It seems to the writer that the principal advantage of the 
steam dryer is its ability to prevent carry-over from sudden cases 
of foaming of short duration such as those which occur when 
sudden maximum steam demand is made while accelerating a 
train. He agrees with the author that the major responsibility 
for control of foaming rests on water treatment and adequate 
but efficient partial blowdown. It is obvious that the steam 
dryer cannot serve as a practical foam indicator or blowoff device 
because foam must fill the steam space of the boiler before it will 
function in that capacity. 

If the steam dryer will remove aquaglobes and foam spray 
from steam, and it appears that it should, a report of its per- 
formance in that respect would be of interest because there are 
districts where this type of carry-over causes more superheater, 
valve, and cylinder damage than foam carry-over does on most 
railroads. 

The author’s remarks on relation of carry-over to working 
rate of the engine are interesting, and, although outside of the 
immediate scope of the paper, the cause of the violence of 
the carry-over on sudden increase in working rate would be of in- 
terest to the water chemist. Answers to the following questions, 
if available, would be of value to him in that connection. What 
was the foaming point of the boiler water used in the tests; that 
is, at what concentration does this water produce foam carry-over 
when the engine is worked normally at maximum steam demand 
with constant boiler steam pressure and a half-glass of water? 
A boiler-water concentration is given for the graphs. Is this 
at the beginning of the carry-over period, the end, or an average? 
Was any blowoff done during the test and was there any drop 
in steam pressure during the first few minutes following the sud- 
den increase in working rate when the excessive carry-over was 
observed? 

The writer’s experience has been that very violent foam carry- 
over is encountered upon sudden steam demand if the boiler 
water is above the foaming point (or near the foaming point if 
accompanied by a drop in boiler steam pressure); that carry- 
over has the same effect as an equivalent amount of blowdown 
toward reducing the boiler-water concentration and will there- 
fore rapidly reduce the concentration to the foaming point where 
a much smaller amount of carry-over is encountered. This is 
indicated by the dryer discharge in seconds accompanying the 
author’s graphs (Figs. 8, 9, and 11) where the dryer appears to be 
acting as a blowoff device in reducing the foam height in the boiler 
by reduction in boiler-water concentration. The writer feels 
that the violent carry-over on sudden steam demand is simply 
a function of the evaporation rate and boiler-water concentra- 
tion and that the sudden change in rate of working has no other 
result than to make the effect of these factors appear suddenly. 
Under such conditions foam carry-over ceases just as sud- 
denly when the steam demand is reduced, indicating a like 
reaction in both directions. Perhaps this is what the author has 
in mind but, if he has evidence of some other factor which in- 
creases the carry-over out of proportion to evaporation and 
concentration effect, it would be of interest. 


J. C. Somers." 


The outline of mechanical methods to pre- 
vent foaming is interesting but such methods in wartime involve 
purchase and installation of equipment which must be considered 
in comparison with application of antifoaming agents which are 


also mentioned favorably by the author in the paper. Because 
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of continued heavy locomotive loads and no letup in wartime 
restrictions on labor and equipment, such available antifoaming 
materials, it seems to the writer, deserve consideration since 
they evidently can be delivered promptly. The obvious success 
of colloidal type of antifoam agents needs to be brought to the 
attention of operators in view of the elementary principles in- 
volved in preventing foaming. Recent publications can explain 
much more scientifically how this occurs, notably a paper by 
Jean de Frank,'* discussing organic colloids. 


P. B. Piace.'* Mr. Williams has presented a very complete 
discussion of the characteristics and causes of carry-over from 
locomotive boilers, and described methods and equipment for 
control of foam carry-over. It is of interest to note that, in 
general, the problem of carry-over from locomotive boilers is 
similar in many respects to that from stationary water-tube 
boilers. 

Foam carry-over, or foamover as it may be termed, constitutes 
by far the greater percentage of carry-over problems and is par- 
ticularly troublesome because it is difficult to predict or correlate 
with known factors. Although foaming is primarily a function 
of the boiler-water concentration, the ratios of constituent salts, 
alkalinity, presence of small amounts of oil or organic matter, 
water level, rating, changes in rating, type of firing, and boiler cir- 
culation are all factors of sufficient influence to make duplication, 
correlation, and interpretation of foam carry-over difficult. 

The inconsistency of rating and concentration as criteria of 
satisfactory steam purity is shown in Table 3. 


TABLE 3 
Drum Rating, lb per hr Safe concentration 
Example diam Pressure Sqft Ft. width limit, ppm 

A 60 960 3600 15000 700 
B 2800 12500 5000 
Cc 60 890 2000 10250 1500 
D 66 425 1700 9450 4000 
E 48 410 1000 4100 

F 48 575 975 3900 1500 


The boilers listed are all single-drum units having similar drum 
internals. Note that the ratings in terms of liberation per sq ft 
of water surface are considerably higher than for the average loco- 
motive boiler and that the safe limits of boiler water concentra- 
tion show no relation to operating pressure, boiler rating, or drum 
diameter. All of these units were likely to give foam carry-over 
at concentrations above the limits given. The most troublesome 
case, F, was very conservatively rated and the foaming was traced 
to presence of oil and organic matter in the boiler water. 

In general, boiler waters with concentrations less than 600 
ppm seldom give trouble with foam carry-over. Higher concen- 
trations do not necessarily, however, induce excessive foaming 
and iselated cases are known where boiler-water concentrations are 
maintained continuously at 10,000 to 15,000 ppm without trouble. 

Experimental work on steam purification and control of foam- 
ing has been in progress for some time in our laboratory and 
much of the mystery of the mechanics of carry-over has been 
eliminated. Using a short section of a simple water-tube boiler 
having lights and windows installed in the heads of the 54-in- 
diam drum to give full visibility within the drum, it has been 
possible to observe the physical characteristics of foam and the 
effectiveness of various methods of controlling it. Although the 
test unit is operated at atmospheric pressure, correlation of the 


13‘‘Internal Feedwater Treatment of Locomotive Boilers,” by 
Jean de Frank, Master Boiler Makers’ Association Proceedings, 
1944, pp. 69-78; also ‘Colloidal Organic Boiler Feedwater Treat- 
ment,”’ by Jean de Frank, Railway Mechanical Engineer, vol. 118, 
1944, pp. 555-557, 566. 

14 Research and Development Engineer, Combustion Engineer- 
ing Co., Inc., New York, N. Y. Mem. A.S.M.E. 
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observations with field tests of pressure units suggest that, qual- 
itatively at least, the low pressure observations are a valuable 
guide in the analysis and solution of carry-over problems. 

It is difficult to compare the performance of locomotive and 
water-tube boilers of the same total output and operating pres- 
sure, because of the difference in method of rating the boilers and 
difference in design. 

The established methods of rating boilers are based primarily 
on velocity of steam flow. Thus locomotive boilers are rated in 
terms of steam liberation per sq ft of water surface. This is a 
logical system as the steam is actually liberated from the water 
surface and vertical velocity must be kept low to avoid entrain- 
ment of spray. On the other hand, water-tube boilers do not, 
as a rule, liberate their steam from the water surface, but deliver 
the riser mixtures to the drum above the water level and depend 
on various designs of baffles to obtain separation. 

Stationary boilers have the advantage over locomotive boilers 
of greater available drum space for installation of separation and 
drying equipment and in most cases, can distribute the steam 
offtakes over the length of the drum rather than concentrate the 
steam flow through a steam dome. In such boilers, the availa- 
ble drum volume becomes a better measure of potential rating 
than the area of the water surface and a common method of 
rating water-tube boilers is in terms of steam output per foot of 
drum length, with drum diameter as an additional factor. 

Where foaming is involved, carry-over is induced, not so much 
by steam velocity as by the fact that the foam simply accumu- 
lates in the available drum space until it piles up to the steam 
outlet and is swept out of the drum by the steam flow. In such 
cases, the amount of drum space available for foam accumula- 
tion becomes a major factor and boilers with small available 
drum space may foam over at relatively low ratings. 

The limited space available in locomotive boilers calls for a 
dynamic type of separator rather than the ordinary baffle or 
filter type of separator used in many water-tube-boiler drums. 
The tangential dryer, described by Mr. Williams, utilizes availa- 
ble velocities to accelerate separation and with automatic and 
positive drainage, this equipment appears to be both logical and 
satisfactory by test. 


AvuTHOR’s CLOSURE 


All of those taking part in the discussion have emphasized the 
importance of the present-day carry-over problem. Their con- 
tributions discuss the subject from all angles and will be valu- 
able in approaching an answer to the problem. 

There is general agreement that every effort should be made to 
control or prevent foaming by the use of proper feedwater treat- 
ment, by proper blowdown, and by the use of antifoam treatment 
where such is necessary. The steam separator with an outside 
discharge valve should be considered as an additional precaution 
against carry-over leaving the boiler when conditions are such 
that foaming or effervescence takes place in spite of all that has 
heen done in an attempt to prevent such an occurrence. Agree- 
ment with this view is expressed directly by Messrs. Carr, 
McCoy, Pownall, and Seniff. Mr. Seniff points out the dif- 
ficulty of controlling carry-over by chemical means and by blow- 
ing due to the great number of variables that enter into railroad 
operation. 

The increase of foaming in recent years due to improved feed- 
water treatment is confirmed by Messrs. Jackson and Pownall. 
Messrs. Ostermann and Ryan comment particularly on the in- 
crease in carry-over due to the harder working of locomotive 
boilers demanded by modern operating conditions with no in- 
crease in the boiler size. : 

Mr. Jackson states that he believes that once the foam has filled 
the dome it is too late to prevent carry-over into the superheater. 
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The results given in the paper show that under such conditions, 
the apparatus tested reduced the moisture entering the super- 
heater units to a very small amount and in some cases elimi- 
nated it entirely. For instance, the results given in Fig. 11 from 
the twenty-sixth minute to the thirtieth minute indicate dry 
steam entering the superheater. During this and other tests, 
observations through the sight glasses showed that the dome was 
entirely filled with foam as stated by Mr. Jackson from his ob- 
servations, 

Mr. Ryan comments on the relation between carry-over and a 
change in the rate of the working of the engine. The test periods 
commented on by Mr. Ryan were for more or less constant rate of 
working. The effect on carry-over of a sudden change in the 
rate of working is best shown by those times when the rate of 
working was suddenly increased so that a test under foaming 
conditions could be started. Such times are at the seventh 
minute in Fig. 9, the first minute in Fig. 10, and the fifth minute in 
Fig. 11. In each case, the sudden change in the rate of working 
as indicated by the increase in exhaust pressure from 10 to 17 or 
20 psi produced immediately a foaming condition. It is true 
that during these tests the water was in a condition extremely 
susceptible to foaming and it should not be inferred that foaming 
will always occur when the rate of working of an engine is sud- 
denly increased. Whether or not this happens will depend on the 
condition of the boiler water. Mr. Ryan also comments on the 
possibility of carry-over being noticed by the engine crew. For 
the results recorded in Fig. 8 there was no question as to the 
carry-over being noticeable. For the other tests there were no 
variations in the water level or condition of the water in the 
glass that would indicate foaming. It is possible that the in- 
fluence of a small amount of carry-over on the power output of 
the locomotive would be noticed by an experienced engineman. 
This would of course depend to a great extent upon the individ- 
ual and the conditions under which the locomotive is operating. 


Mr. Seniff raises some specific questions with regard to the 
tests. The boiler-water concentration given in Figs. 8 to 11 was 
that of a sample taken at the end of the run. The exact foaming 
point of the boiler water used in the tests is not known. Refer- 
ence to Figs. 8 and 10 will show that there was considerable 
foaming with a boiler-water concentration of 120 grains per gal- 
lon. During all of the tests the boiler was worked at a high rate 
of evaporation with a constant boiler steam pressure and normal 
water level in the glass. Normally antifoam compound was used 
in the territory where the tests were made, but this was not done 
during the tests so that the foaming conditions of the water 
would be as bad as possible. For the same reason the blowoff 
cocks were never used. There was no noticeable drop in the 
boiler steam pressure during the times when excessive carry-over 
was observed. Mr. Seniff’s feeling that the violent carry-over on 
sudden steam demand is simply a function of the evaporation 
rate and boiler-water concentration is probably correct, as is also 
the statement that carry-over can be stopped by reducing the 
steam demand. 

Mr. Place’s comments are extemely interesting since they 
indicate that locomotive boilers are not the only type which are 
subject to troubles from carry-over. The table included in Mr. 
Place’s discussion indicates the difficulty of determining the pos- 
sibility of foaming in relation to boiler design and water concen- 
tration. It is evident that when everything possible has been 
done to prevent foaming it is still desirable to have a device which 
will prevent carry-over from the boiler when conditions occur 
which cannot be anticipated in advance. 

Both Mr. Carr and Mr. McCoy were correct in pointing out 
that while certain types of organic matter will aggravate foam- 
ing, it is also true that other types of organic matter such as 
tannin extract, and the amines and amides which form the basis 
for the newest antifoam water treatments, are definite foam 
inhibitors. 
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On Fatigue Failure Under Triaxial Static 
and Fluctuating Stresses and a Statis- 
tical Explanation of Size Effect 


By F. H. FOWLER, JR.,1 CALDWELL, N. J. 


The purpose of this paper is to develop a framework for 
establishing a criterion of safe fatigue characteristics of 
manufactured units. In addition a statistical theory of 
fatigue has been indicated. Provision can be made for a 
study of combined stresses, static and vibratory stresses, 
and variations in amplitude. Interesting explanations 
of scale effect and stress gradient effect are given. It is 
hoped that this will provide a useful framework to im- 
prove the designer’s judgment and upon which to build 
additional work on fatigue. 


INTRODUCTION 


N establishing a criterion of safe fatigue characteristics of 

manufactured units, decisions are necessary concerning the re- 

quired degree of safety, required operating conditions, and 
basic theory of failure. Also the stress history of each point and 
the properties of the material must be determined. After these 
decisions are made and these data are determined, computa- 
tions as outlined in this paper can be made to determine whether 
or not a design is safe. 

Definition of ‘Safe Design.” A safe design is one which re- 
quires a properly manufactured, installed, used, and serviced 
example of that design to have a probability of premature failure 
less than a maximum permissible amount. The decision as to the 
maximum permissible probability of failure must be based upon 
individual design requirements. In this paper primary con- 
sideration will be given to “safe designs” with a positive proba- 
bility of premature failure. 

Assumed Operating Requirements. If the use to which a product 
is to be put calls for varied distributions of operating time among 
specified permissible operating conditions, there may be con- 
siderable differences among individual units in the severity of 
the fatigue loads. Therefore, for the use of the designer there 
should be specified a standard history of operating conditions 
rather than merely a list of severest operating conditions. Also, 
for the individual customer, guarantees should be based upon 
histories similar to and more severe than those required of his 
particular unit. 


Basic THEORY OF FAILuRE 


A basic theory of failure is recommended modifying Orowan’s 
(1)? work for the case of variable stress amplitude, for the case 
of triaxial stress, and for the case of both static and vibratory 
loads. 

Orowan’s theory of fatigue failures is as follows: Materials 


1 Senior Structures Engineer, Propeller Division, Curtiss-Wright 
Corporation. Jun. A.S.M.E. 

? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Aviation and Applied Mechanics Divisions 
and presented at the Annual Meeting, New York, N. Y., Nov. 27- 
Dec. 1, 1944, of Toe AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


contain imperfections which cause stress concentrations. Under 
static loading, these stress concentrations are reduced by plastic 
flow. However, in the fatigue process, successive cycles work- 
harden the material in the neighborhood of the imperfection, 
thereby continually diminishing the reduction in stress concentra- 
tion due to plastic flow. This continues until a condition is 
approached in which there is no plastic flow because either the 
yield point is sufficiently increased or because the true ultimate 
strength of the material is exceeded. In the latter case, a fatigue 
failure takes place. This theory is reviewed by Prof. Frederick 
Seitz (2). It is interesting that in addition to its ability to ac- 
count for the difference between ultimate strength and endurance 
limit, this theory is indirectly confirmed by its ability to predict 
the shape of the S-N diagram. 

One of the points of Orowan’s theory is that the effect of the 
static stresses in fatigue is insignificant and that only the vibra- 
tory stresses are important. If it is possible to so work-harden 
the material that no local plastic flow occurs during the unloading 
cycle, none will occur during the reloading cycle. The range of 
stress determines, practically independently of the static stresses, 
whether or not this takes place. Consequently, the range of 


stress alone should determine whether or not a fatigue failure 


should take place. On the other hand, there is the possibility 
that the static stresses might influence the severity of the im- 
perfections and hence might affect the range of the local vibra- 
tory stresses. J. O. Smith has gathered considerable data on 
fatigue (3). Looking at this theory in the light of these data, 
it would seem that under certain circumstances the static stresses 
are important and under others they are not. 

For combined stresses where the number of cycles before 
damage is important, the situation becomes more complicated. 
There remains the problem of the probable effects of static stresses 
upon the severity of irregularities. In addition, the effect of 
the fluctuating stresses has to be divided into two elements. 
The first is the rate at which work-hardening will take place 
under various conditions of fluctuating stress. The second is the 
condition of combined stress which will cause fracture after 
work-hardening has resulted in increasing the stresses. Thus for 
the general case of fatigue, decisions are necessary concerning 
the assumed laws of the effect of static stresses upon irregularities, 
of the rate of work-hardening under combined stress, and of 
fracture under combined stress. 


PROPERTIES OF THE MATERIAL 


To simplify the problem of properties of the material, as- 
sume a true stress-strain diagram shaped as in Fig. 1. There is a 
straight line of slope Z from the origin O to the yield point A. 
There is a straight line of slope o’ from A to the breaking point Z. 
Unloading curves have the slope E. Symmetry also exists be- 
tween the tensile and compressive diagrams about the strain inter- 
cepts of the unloading-loading lines (e.g., O, C, EZ). Note how the 
yield point has been increased by cold work from the stress 
corresponding to B to the stress corresponding to F. It is hoped 
that the foregoing simplifications will prove satisfactory for prac- 
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tical application. If not, their use will simplify this explanation 
and the additional complications introduced by their replacement 
will not alter this general pattern. 

Using these assumptions, probability distributions of several 
properties are required. These properties are the existence of an 
irregularity of stress-concentraction factor K, in a unit volume of 
material, and for each point the true ultimate strength oy, the 
slope o’, the modulus of elasticity E, and the original yield point 
ao. Note that K has a minimum possible value of 1. It is 
reasonable to assume that any irregularity must have a finite 
radius of curvature at any of its corners and hence that K has a 
maximum possible value. Also it is reasonable to assume that o, 
has a maximum and minimum value. It also seems reasonable 
that the other properties would have a finite range of values. 

Stress History. A knowledge of the stress history of each point 
is required. It is possible that exact values of this can be ob- 
tained. However, it is more likely that there will be an error 
in the stated stress. Hence to avoid either timidity or rashness 
in an estimate of the probability of failure, it is necessary to re- 
place stresses with a distribution curve giving the probability of 
every possible stress at a given point at a given time. By stress 
here is meant the stress, ignoring irregularities. When the ef- 
fect of irregularities is considered, the term local stress or local 
strain will be used. 


PROBABILITY OF FAILURE IN Unit VOLUME 


The first computation required is a computation of probability 
of failure in a unit volume subjected to the stress history of a 
given point. This probability is required for every point. 

Consider the case where there are p periods of time during 
each of which the fluctuating stress is constant; let 


S; = amplitude of fluctuating elastic stress during ith period 
¢; = local plastic strain, first quarter-cycle of ith period 
o(-,) = yield point before ith period 
o; = yield point after ith period 
n; = number of cycles during ith period 
K = stress-concentration factor 
E = modulus of elasticity 
o’ = slope of stress-strain diagram in plastic range 
To obtain S; it is necessary to postulate a type of irregularity; 
then 


= I(S;, o(i-1), K, a’, E) 


From Equations [2] of Orowan’s paper (1), the increase in 
yield point during the ith period is given by the formula 


Then if each n; is constant, successive application of Equation 
[1] gives 


Tp = F(Si, Se oe 
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It is interesting to note that the order in which the stresses 
occur is significant; let 


P(c,)do, = probability of a yield point after pth period be- 
tween op and o, + do, 

P(S,)dS; = probability of a stress during the ith period be- 
tween S; and S; + dS; 

P(o7)doz = probability of a true ultimate strength between o, 
and of + doy 

P(oo)doy = probability of an original yield point between 
and ao doy 

P(oe')do’ = probability of a slope of true stress-strain diagram 
beyond yield point between o’ and a’ + do’ 

P(E)dE = probability of a modulus of elasticity between 
Eand E + dE 

P(K)dK = probability that the most severe irregularity in a 
unit volume has a stress-concentration factor be- 
tween K and K + dK 


Then 
where 
p 
P = P(c’)P(E)P(K) w P(S,)......... [35] 
t=1 
p 
dr = da do' dE dK dS,;............. [3c] 
t=1 


and the integration is carried out over the (p + 4) dimensional! 
volume between the (p + 4) dimensional surfaces 


and 


Now the probability that the true ultimate strength is less 
than oyis given by the formula 


of 
= So P (ay)doy [4] 


The probability that the final yield point lies between o, and 
o, + do,, and that such a final yield point will result in failure, is 
given by the expression 


Pio,) P(o,) do, 


and the probability of failure in a unit volume is given by the 
formula 


P, = So” [5] 
PROBABILITY OF FAILURE IN UNIT 


The next step is to consider the final problem of whether there 
will be a failure in the unit. 


1 — P, = probability of no failure in a unit volume 
q = probability of no failure in a volume dv, or the 
probability of no failure at a given point. 
1/dv = number of volumes dv per unit volume 


As the probability of no failure in a unit volume is the proba- 
bility of no failure in all the volumes dv comprising it, or the 
product of the probabilities of no failure in all of these elementary 
volumes 


q on (1 
Therefore 


(1 — P,)* = probability of no failure at a given point having 
a volume dv 
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As P, is now considered known for every point in the solid, the 


probability of there being a point in this solid at which a failure 


will oceur can be calculated as follows: 
Let 

P = probability of a failure in the entire unit 
then 


dvi 
(1 | 


and 


In(1 P) = —P)” = 


eS 1—Py)di 


)dv 
P=1 


This statistical procedure has been used and checked experi- 
mentally by Weibull (4) for brittle materials. In place of Equa- 
tion [6], Weibull uses the approximate formula 


P=} S Pride 


Weibull distinguishes between materials for which a crack will 
propagate until failure of the unit takes place and materials for 
which no such propagation takes place. As most cases of fatigue 
of metals involve situations where cracks will propagate, the sec- 
ond case has not been considered. 

Scare Errect 

If two pieces of different size are geometrically similar and 

subjected to the same stress distributions, the probability dis- 


tribution of failure is changed. 
In Equation [6} let 
B, = eJ — Py)dro 
where 


Vy volume of small piece 


Note that 1 


P,) is always negative and Bo is never more than 1. 


for the small piece. P,, is always less than 1, 
hence In( l 
Let 

where 


= volume of large piece 


Vi>Vo, Bi< Bo 

Henee, for the large piece, P is always greater than for the 
small piece unless By is O or 1. If the endurance limit is re- 
garded as the fluctuating stress for which a fatigue failure and no 
fatigue failure are equiprobable, then the endurance limit be- 
comes, for geometrically similar pieces, a function of the diameter 
of the piece. 

The curve of endurante limit as a function of diameter should 
have the shape given in Fig. 2. 

The upper flat portion approaches a constant stress equal to the 
maximum possible true ultimate strength divided by minimum 
The 
lower flat portion is asymptotic to a constant stress equal to the 


possible stress-concentration factor due to irregularities. 


minimum possible true ultimate strength divided by the maxi- 
mum possible stress-concentration factor. A plot indicating 
the lower flat portion can be found in the appendix of A.S.T.M. 
report (5). 

Stress-Gradient Effect. 
as similar to the scale effect in that there are differences in the 
volume of materials for which the greatest probability of failure 
per volume exists. 

Certainties. This problem becomes very much simplified 
when P, = 0. Inthat case no failure will occur in the unit. Pre- 


The stress-gradient effect is conceived 
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DIAMETER 
Fic. 2) Enpurance-Limit Curve 
sumably, in this case no scale effect or stress-gradient effect 
would be observed. 


SUMMARY 


While the general framework for a theory of fatigue has been 
proposed, there remains considerable research to be done before a 
quantitative application to design can be made. However, it 
emphasizes the desirability of deciding whether to use large 
enough specimens in testing for endurance limit to avoid the 
possibility of failure or to evaluate the probability that a failure 
willoceur. It also provides the index P, which can be used if not 
quantitatively at least qualitatively in co-ordinating stress-dis- 
tribution data and material data in determining the severity of 
the stresses at any point.. It is therefore hoped that this paper 
will prove to be of guidance to the designer. Furthermore, it is 
hoped that this discussion will stimulate further research in the 
undeveloped phases of this field. 


BIBLIOGRAPHY 


1 “Theory of Fatigue of Metals,’ by E. Orowan, Proceedings 
of the Royal Society of London, series A, vol. 171, 1939, pp. 79-106. 

2 ‘Physics of Metals,”’ by F. Seitz, McGraw-Hill Book Company, 
Ine., New York, N. Y., 1943. 

3. “Effect of Range of Stress on the Fatigue Strength of Metals,” 
by J. O. Smith, University of Illinois, Engineering Experiment Sta- 
tion, Bulletin No. 334, 1942. 

4 “The Phenomenon of Rupture in Solids,"” by W. Weibull, 
Ingeniors Vetenskaps Akademien Handlingar No. 153, 1939. 

5 “Progress Report on the Effect of Size of Specimen on Fatigue 
Strength of Three Types of Steel,’” by H. F. Moore and D. Morkovin, 
Proceedings of the A.S.T.M., vol. 42, 1942, pp. 150-151. 


Discussion 
R. E. Pererson.* This paper points in a direction which is 
certain to receive considerable attention in the future. 

We have attempted to apply Weibull’s statistical analysis to 
materials testing and found it useful in connection with static 
strength of porcelain, but thus far have not been successful with 
application to the fatigue strength of ductile materials. 

According to Weibull, the volume of material under test may 
be viewed as an important variable. To test this, it is desira- 
ble to vary volume without changing stress gradient; this can 
be done by keeping diameter constant and changing length. 
The writer can recall only two eases of this kind. Horger and 
Maulbetsch* tested 0.3-in-diam 0.45 per cent C steel specimens 
with contour radii of 5 in., 97/3 in., and infinity (straight section 
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17/,6 in. long). The same endurance limit was found for all 
cases, although the upper branch of the S-N diagram differed. 
Kenyon® found a lower endurance range in testing long wires, 
but there is some question if the tests, carried out on different 
types of machine, are strictly comparable. 

The author’s sketch of endurance limit versus diameter is 
quite interesting. Actually we do obtain a hump at small diame- 
ters, i.e., for medium-carbon steel, a 0.3-in-diam specimen was 
found to be 5 to 10 per cent higher than a '/:-in-diam specimen.‘ 
It is hoped that the author will show the degree to which the 
theoretical curves fit the foregoing data as well as those recently 
published by the A.S.T.M. Research Committee on Fatigue of 
Metals.’ 


AUTHOR’sS CLOSURE 


The author wishes to thank Mr. Peterson for the interest taken 
in this paper. The data of Horger and Maulbetsch‘ cited pro- 
vide information on only three failed specimens of each type. 
While all but two of the failed specimens failed at points on the 
S-N diagram related to one another in a manner regarded as the 
most probable by the principles stated in the paper, there is 
insufficient data to provide more than a qualitative confirmation 
of the principles. The data of Kenyon® because of differences in 


machines cannot be applied to this problem with confidence. 
The curve of the A.S.T.M. Research Committee on Fatigue of 
Metals cited in the discussion does not provide much more than 
qualitative confirmation because of the meagerness of the data. 


§‘*A Pulsating Tension-Fatigue Machine for Small-Diameter 
Wire,’’ by J. N. Kenyon, Proceedings of the A.S.T.M., vol. 40, 1940, 
p. 768. 

¢**Two- and Three-Dimensional Cases of Stress Concentration 
and Comparison With Fatigue Tests,’’ authors’ closure to discussion, 
by R. E. Peterson and A. M. Wahl, Journal of Applied Mechanics, 
Trans. A.S.M.E., vol. 58, 1936, p. A-150. 

7 Second Progress Report (Appendix) on Effect of Size of Specimen 
on Fatigue Strengths of Three Types of Steel, Proceedings of the 
A.S.T.M., vol. 43, 1943, p. 119. 
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However, the conclusion of an endurance limit for large diameters 
is in line with that of a minimum possible endurance limit. 

The curves of endurance limit vs. diameter® cited in the discus- 
sion provide real interest. Further discussion of them has been 
carried out between Mr. Peterson and the author as follows 
The existence of a maximum point as shown in the curves is con- 
trary to predictions made based upon the principles developed in 
this paper alone. This could be because of relative grain size 
effects which were neglected in this paper. For the smallest 
specimens used, the number of grains in a cross section becomes 
very low and hence these smallest specimens might be expected 
to behave in some respects similar to a single erystal. This 
would tend to cause a reduction in strength, possibly to such an 
extent as to change the rate of change of strength with respect to 
cross sectional area from positive to negative. Also, the effect o: 
variations in conditions at or near the surface can be expected to 
assume even greater importance for the very small specimens 
On the other hand, it might be possible to explain the maximum 
point on the basis of a certain discontinuity in some of the tests. 
There it 
was found that in both cases the maximum point represented the 
results of a rotating beam tests whereas all the others represent 
results of rotating cantilever tests. A comparison of the S-A 
diagrams for the different diameter specimens of one of these 
curves has been published.§ It can be noted that the upper 
branches of S-N curves for all rotating cantilever specimens ten 
to converge toward a single point. However, the upper branc! 
of the S-N diagram for the rotating beam specimens diverges 
from the point. This tends tostrengthen the possibility that the 
use of a rotating beam specimen is the cause of the maximum 
points. The author regrets that rotating cantilever tests at 
this diameter are not available to clarify this matter. 


The sources of two of the curves has been examined. 


8 “Fatigue Tests of Small Specimens With Particular Reference to 
Size Effect,’’ by R. E. Peterson, American Society for Steel Treating 
(now American Society for Metals), Transactions, vol. 18, 1930, p 
1043. 
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Influence of Applying Cutting Fluids at 


Different Temperatures When Turning Steel 


By O. W. BOSTON, W. W. GILBERT,? R. E. McKEE! 


This paper presents the results of an investigation to de- 
termine the influence on cutting speed, tool life, chip 
formation, and other pertinent factors, of a cutting fluid 
applied at each of several different constant temperatures, 
ranging from 55 F to 150 F. A sulphurized mineral oil and 
an emulsion, consisting of 1 part soluble oil and 20 parts 
water, were used as cutting fluids. 


MateERIAL Cut 


HE material cut in the tests to determine the influence 

of the application of cutting fluids at different tempera- 

tures was an S.A.E£.3140 annealedsteel originally in the form 
of a forging 4 ft long and 12 in. diam. The chemical composi- 
tion was C, 0.39 per cent; Mn, 0.72 per cent; P, 0.025 per 
cent; S, 0.022 per cent; Si, 0.20 per cent; Ni, 1.11 per cent; 
Cr, 0.72 per cent. The scleroscope hardness was 24 to 26, 
and the Brinell hardness was 207. A tensile specimen taken at a 
radius of 4 in. showed the following physical properties: Ulti- 
mate strength, 105,600 psi; yield point, 60,300 psi; reduction in 
area, 46.5 per cent; elongation, 23 per cent in 2 in. 

The large steel forging was mounted in a 30-in-swing engine 
lathe, Fig. 1, being chucked at the spindle end, and mounted on 
a live center in the tailstock. This 12-speed geared-head lathe 
was driven by an alternating-current motor, through a mechani- 
oal variable-speed-drive unit so that desired cutting speeds could 
be maintained as the diameter of the work was reduced by 
machining. 

Currine Toous 


The cutting tools were tool bits */s in. square X 3'/2 in. long, of 
Red Cut Superior (18-4-1) high-speed steel ground to the shape 
of 8 deg back rake, 14 deg side rake, 6 deg end relief, 6 deg side 
relief, 6 deg end-cutting-edge angle, 15 deg ‘side-cutting-edge 
angle, and 3/g in. nose radius. This tool is designated as 8-14- 
6-6-6-15-3/ 4 (Fig. 2). It was held in a solid-block tool holder 
approximately 1'/; in. wide, 25/s in. high, and 4 in. long. The 
tool bit was clamped by one setscrew in the holder with a back 
slope of 10!/, deg. These tool bits were ground on a special 
tool grinder in which a Norton Company abrasive wheel of 
3846J5BE type was used so that the finish was very good at 3'/2 
microin. parallel to the abrasive marks which were at right 
angles to the cutting edge. The surface parallel to the cutting 
edge measured 5!/: microin. 


Currine FLuips 


A commercial all-purpose industrial fluid cooler was used in 


' Professor of Metal Processing and Chairman of the Department 
of Metal Processing, University of Michigan, Ann Arbor, Mich. 
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Metal Cutting Data and Bibliography and presented at the Annual 
Meeting, New York, N. Y., Nov. 27—Dee. 1, 1944, of Toe AMERICAN 
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addition to the regular cutting-fluid tank on the lathe so as to 
maintain the larger quantity of cutting fluid, some 40 gal in all, 
at a constant temperature for each series of tests. A discharge of 
cutting fluid on the tool of 5 gpm from a *5/3:-in-ID nozzle was 
maintained inalltests. A 2100-watt electric heating coil was in- 
stalled in the tank of the cooler so that the oil could be heated up 
to the temperature at which each test was to berun. The cooler 
prevented the temperatures from rising during the tests. A 
dial-type thermometer reading from 50 F to 250 F was installed 
in the tank beside the centrifugal pump of the cooler. This 
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was the controlling temperature at which the cutting fluids were 
applied to the tool. 

The cutting oil consisted of a sulphochlorinated petroleum 
oil which had viscosities at the 7 temperatures at which it was 
used as follows: 


Saybolt Universal, seconds 
55 530 

70 

85 
100 
115 

130 

150 


Temperature, F 


The sulphochlorinated mineral oil referred to is a mixture of a 
sulphochlorinated fatty-oil base with a mid-continent neutral 
petroleum oil. Its analysis shows approximately 0.6 per cent 
sulphur and 0.5 per cent chlorine. 

The second series of tests was carried out with an emulsion. 
This emulsion was made by mixing 1 part of a standard soluble 
oil with 20 parts by volume of distilled water. Inasmuch as this 
liquid did not increase in viscosity for the lower temperatures, a 
low temperature of 40 F was added to the 7 at which the 
oil was used. The soluble oil used in making the emulsion is of 
the petroleum-sulphonate-soap type and from appearances 
and routine tests was an exceptionally well-made product. 


As noted, the first series of tests was run with a sulphochlorin- 
ated mineral oil. For each of the constant temperatures of the 
oil, a number of cutting-speed tool-life tests were run. Every 
third or fourth test was run dry at a given cutting speed of 135 
fpm to furnish points for the dry-cutting line and also provide a 
means of checking the uniformity of the machinability of the 
test log throughout the tests. 

Three or more tests were run with the oil at each of the 7 
temperatures, using a depth of cut 0.100 in. and a feed of 0.0125 
in. per revolution. These cuts were maintained in all tests. 
In Fig. 3 ten circles are shown plotted on log-log paper. Each 
circle represents the tool life obtained in a test run at its corre- 
sponding cutting speed. Erratic results were obtained, as indi- 
cated by the fact that the points, particularly at the shorter 
values of tool life, do not lie uniformly on the line. The line 
shown was taken to represent these data, however. The equa- 
tion of this line had previously been determined to be V7" = C, 
in which V is the cutting speed in feet per minute at which the 
test was run, 7’ is the resulting tool life in minutes, as indicated 
by the complete breakdown of the tool, n represents the tangent 
of the angle of slope made between the line and the horizontal 
line of the graph sheet, and C is a constant depending on the 
tool material, tool shape, material cut, size of cut, cutting fluid, 
ete. This line represents the performance of the cutting oil 
under these conditions in two ways: (1) by its height or vertical 
displacement as indicated by C (which equals the cutting speed 
for a 1-min tool life); or (2) by V3, which is the cutting speed for a 
3-min tool life, or, Vio, the cutting speed for a 30-min tool life, or 
Ti3s, Which is the tool life for a cutting speed of 135 fpm, etc. 
Values of V and T for any tool life or speed can be taken, de- 
pending on the comparative information desired. The table in 
Fig. 10 shows these values of C, n, Vs, Vso, and T'135. 

Figs. 4 to 9 represent corresponding cutting-speed tool-life 
lines obtained from experimental data shown plotted as circles 
with a similar tabulated record of the line characteristics. These 
lines are all grouped for better comparison in Fig. 10. Here the 
circles representing the various tests in Figs. 3 to 9, inclusive, 
are omitted to relieve congestion and give emphasis to the lines 
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SUMMARY CHART OF CuTTING-SrEED TooL-Lire LINES FOR 
SULPHURIZED MINERAL av Various CONSTANT TEMPERATURES 
High-speed steel tool bits of a shape 8-14-6-6-6-15-'/s were used to turn an 
annealed S.A.E. 3140 steel, using a depth of cut of 0.10 in. and a feed of 
0.0125 in, The enclosed table gives the characteristics of each line for com- 
parative purposes. The vertical scale of the log-log graph is 5 times that 
of the horizontal.) 


In Fig. 10, the vertical scale is 5 times that of the 
horizontal scale, the better to magnify the vertical displacements 
between the several lines. 


themselves. 


Any values read from these curves, 
Values of C, 
n, V3, Vao, and 7'\35 for all curves are also summarized in the table 
at the upper right in Fig. 10. In Fig. 10, it is clear that the 
line for the 70 F oil temperature is highest on the graph. This 
indicates that the cutting speed is highest for any given value of 
tool life when the cutting fluid is maintained at 70 F. The value 
of C is 180 fpm, V3 is 158 fpm, V4o is 120 fpm, and 735 is 11.2 
min. These are the highest values in the table. 


except that of nm (slope), are correct, however. 


The 85 F line is next highest on the graph, indicating proba- 
bly less cooling effect of the oil. For some reason the line for 
55 F is next in height. This position probably results from the 
fact that at this temperature the viscosity of the oil is 530 SSU, 
very high—too high to allow the oil to flow freely and act effec- 
tively as a coolant. The lines for the temperatures of 100 and 
115 F are practically identical and next in height on the chart. 
\lso the line for the 150 F temperature was found to be substan- 
tially equal to that of the 130 F. They lie between the line for 
the 100 and 115 F temperatures and that for dry cutting. The 
fact that the 150 F line is not lower than the 130 F line may 
indicate that a high temperature is reached such as 130 F, be- 
yond which little cooling takes place, but that the cutting speed 
for a given tool life is slightly above that for dry cutting be- 
cause of the lubricating effect of the oil in reducing the energy re- 
quired to form the chip. This lubrication probably takes place 
in the fissures on the outside of the chip. The viscosity of the 
oil at 150 F is only 66 SSU. 

Figs. 11 and 12 summarize the data shown in the table of 
Fig. 10 and emphasize the value and relationship of the results. 
Fig. 11 shows viscosity of the oil at different temperatures plot- 
ted over the oil temperature, as a solid line. The viscosity is 
reduced from 530 SSU at 55 F to 66 SSU at 150 F. The dashed 
line shows 7'35, the tool life for a cutting speed of 135 fpm; this 
shows clearly how tool life is low at 7.8 min for the oil at a tem- 
perature of 55 F, a maximum of 11.2 min at or a little above 
70 F, and then falls off to the lowest value of 4.5 min for the 
highest temperature of 150 F. It drops further to 3.99 min for 
dry cutting. This line shows that the best temperature for 
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in. feed with a sulphurized mineral oil at each of several constant tempera- 
tures.) 


longest tool life is at or slightly above 70 F. If the value of 
T 3; of 3.99 min for dry cutting represents 100 per cent, then the 
4.5 min for the 150 F temperature is 113 per cent, and the 11.2 
min for the 70 F temperature is 280 per cent. This shows the 
very effective result of refrigerating the oil. 

Fig. 12 gives the summary lines representing V3, Vo, n, and 
T\35, plotted over the temperature of the oil. If V3 for dry 
cutting is 142 fpm and represents 100 per cent, then the value of 
V; of 143 fpm at 150 F is 100.5 per cent, and the 158 fpm for the 
70 F temperature is 111 per cent. Again, if 99 fpm is Vo for dry 
cutting and represents 100 per cent, then the 102 fpm for 150 
F is 103 per cent, and the 120 fpm for 70 F is 121 per cent. 

The values of n, which represent the slope of the lines in Figs. 3 
to 9, are low (beneficial) for the low temperatures; this indicates 
that the line is more nearly horizontal. The values of n are 
high for the high temperatures and represent lines of greater 
slope. This indicates that cooling causes a beneficial change in 
slope of the line from 0.155 for the steep slope of dry cutting and 
high oil temperatures to the shallow slope 1.2 for the lines for the 
low-temperature oils. The important significance of the low 
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(High-speed steel tool bits 3/s in. square were used, ground to a shape of 
8-14-6-6-6-15-3/65; depth of cut was 0.10 in. and feed was 0.0125 in. The 
dots and the light dashed lines represent points of preliminary failure.) 


values of n is that the lines for different oil temperatures diverge 
from some common point at the left of the figure and become 
more widely spaced for the longer values of tool life. There- 
fore, for commercial cutting speeds such as V4 (the cutting 
speed for an 8-hr tool life) the differences in cutting speeds would 
become much greater and be in favor of the lower cutting-fluid 
temperatures. 


Toot-Lire Tests Wirn EMULSION 


A second series of tests was carried out to observe the in- 
fluence of an emulsion at each of the several temperatures, when 
applied to a turning tool under the same conditions as those 
listed for the oil. The temperatures used were 40, 55, 70, 85, 
100, 115, 130, and 150 F. The emulsion consisted of a commer- 
cial soluble oil mixed with 20 parts, by volume, of distilled water. 

The experimental data, representing the various tests for the 
emulsion at 40 F, are shown plotted as circles on log-log paper 
in Fig. 13. These seven points indicate quite definitely a straight 
line. Similar lines for the emulsion at other temperatures are 
shown in Figs. 14 to 20, inclusive, in which the relationship be- 
tween each line and its experimental data are shown. These 
lines on log-log paper are then grouped in Fig. 21, so their posi- 
tion with respect to each other may be more clearly observed. 
The vertical scale of Fig. 21 is logarithmic but elongated to equal 
5 times that of the horizontal scale to emphasize the vertical 
displacements. 

In Fig. 21 the line for dry cutting is shown to be the lowest 
and steepest. Its slope n is 0.155, V; is 142 fpm, Vo is 99 fpm, 


EMULSION 20 cin Yao. | 
108 so, | | §5 (173 545121 1.5) 
90 170 172 |.105 1153 519.6 
00 (174 | 120 [62516 
> 5 | 18 186.5 
60 | | 130 173 NS | 7.8 
| : (50 10 
= + --+ +— 
2 SJ 
140 
SN 
130 + 4 
ss 
DRY Sy 
2: 
nol 
| 
4 5 6 6 | eS 3 4 56 8 10 iS 20 30 


TOOL LIFE~ MINUTES 


Fic. 21 Summary CuHart or Cuttina-Sreep Tooi-Lirr Lines 
FOR EMULSION 1-20 at Various CONSTANT TEMPERATURES 


(High-speed steel tool bits of a shape 8-14-6-6-6-15-3/s were used to turn 

an annealed S.A.E. 3140 steel, using a depth of cut of 0.10 in. and a feed 

of 0.0125 in. The enclosed table gives the characteristics of each line for 

comparative purposes. The vertical scale of the log-log graph is 5 times 
that of the horizontal.) 


TRANSACTIONS OF THE A.S.M.E. 


MAY, 1945 


CUTTING 
SPEED—FPM 


TOOL LIFE -NMWNUTES 


Fig. 14 Toor-Lire Link ror Emunsion Marn- 
TAINED AT 55 F; Orner Cownpirions Samer ASIN Fig. 13 


CUTTING 
SPEED-FPM 


TOOL LIFE ~ MINUTES 


Fic. 15 Curring-Speep Too.-Lire Link WHEN 
EMULSION at 70 F 


zu 
TOOL LIFE - MINUTES 
Fig. 16 Curring-Speep Toot-Lire Line Emvunsion at 85 F 
Yu 
= | 
Va 
TOOL LIFE-MINUTES 
Fig. 17) Currine-Sreep Toot-Lirk Link TurNING STEEL 
Emvutsion at 100 F 
200 
= 
160 - —+ 
Fo + . 
w 
Sw '20 
oO + + 
100 
: 2 5 10 20 
TOOL LIFE - MINUTES 
Fic. 18 Currinc-Speep Toor-Lire Line Wita Emutsion at 
115 F 
Vu 
Oa 
” 


TOOL LIFE - MINUTES 


Fie. 19 Currinc-Sprep Toot-Lire Line WitH EMuLsIon 


130 F 
> 
va 
Zu 
| 
ra 
100 
2 3 5 7 re) 20 
TOOL LIFE - MINUTES 
Fie. 20 Toor-Lire Lins EmuLsIon AT 


150 F 


and 7'\35 is 3.99 min. Corresponding values for the emulsion at 
each of the eight different temperatures are also given in the 
table of Fig. 21. The lowest line when an emulsion is used is 
for the emulsion at 150 F. The highest line is for the emulsion 
at the lowest temperature of 55 F, while the three next highest 
lines in order are for 70, 85, and 115 F, resnectively. 
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The line for the 40-deg temperature is highest for all cutting 
speeds above 150 fpm, but due to its steeper slope, it does not 
perform so well at lower speeds. At this low temperature the 
material cut was thoroughly chilled and this may have made it 
more difficult to machine. The lines for the higher tempera- 
tures are shown to have the greatest slope, while the lines for 
the 55 and 70 F temperatures have the lowest slope. Low 
values of slope accompanied by high vertical placement on the 
chart represent the most favorable metal-cutting conditions. 

Values of 7'135 (tool life for a speed of 135 fpm) for the emulsion 
are shown plotted as circles in Fig. 22. The smooth solid line 
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represents a mean average. The short dashed line at the right 
simply connects the solid line with the value of 7135 for dry cut- 
ting. The circles for the temperatures of 70 and 100 F are 
shown to lie below the solid line and similarly the point for the 
05 F temperature appears to be high, but the curve was drawn 
through the mean values. The long dashed curve represents 
corresponding values for the oil, as brought forward from Fig. 11, 
for the sake of comparison These two curves clearly show that 
the cooling effect of the emulsion is greater than that for the oil, 
for all temperatures above 85 F. From these average curves, it 
appears that the oil is superior to the emulsion for temperatures 
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between 60 and 85 F. For temperatures below 60 F, the emul- 
sion is superior because of the extremely high viscosity of the oil 
at these low temperatures. 

Values of n (slope) are shown plotted as circles for the emul- 
sion in Fig. 23. The values of slope for the lines for the tem- 
peratures of 85 and 100 F seem excessively high, while that for 
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the 115-deg line is low, with respect to the solid line which is 
drawn to represent an average. It is not clear why the value of 
n for the 40-deg temperature line is so high, as the experimental 
data of Fig. 13 seem to indicate favorably the line shown there. 
The light dashed line in Fig. 23 again shows the values of n for 
the oil, as brought forward from Fig. 11 for comparison. The 
general trends are similar, but the emulsion has in general lower 
values of slope. 

Values of V3, the cutting speed for a 3-min tool life, for the 
several temperatures are shown in Fig. 24 as a heavy solid line, 
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which indicates that the lowest temperatures give the highest 
cutting speeds. Again the light dashed line represents corre- 
sponding values of V; for the oil, as brought forward from Fig. 12, 
for comparison. In the temperature range of 60 to 95 F, the 
cutting speeds V; are higher for the oil than for the emulsion. 

Values of V0, the cutting speeds for 30-min tool life, for each of 
the temperatures of the emulsion are shown in Fig. 25. The 
corresponding line for the oil, as brought forward from Fig. 12, 
is shown for comparison. Because the emulsion gives lower 
values of slope in general than the oil, values of V0 for the emul- 
sion are higher at all temperatures than for those of the oil. It 
is clear, however, that the values of Vo for the emulsion and oil 
are nearly equal for the temperature range of 70 to 80 F. 

The curves representing 7435, n, V3, and Vo, as shown for the 
emulsion in Figs. 22 to 25, inclusive, are summarized in Fig. 26, 
for better comparison. ‘The fact that the Vs; and V4 lines are 
not similar in shape results from the irregularity of the slopes of 
the lines. 

Heat Couor oF 


The first chip coming from the tool point in the tests on the 
emulsion at each of the various temperatures gives an indication 
of the effect of temperature control of the emulsion in relation to 
heat transfer at the cutting edge of the single-point tool. During 
the tests using the emulsion, observations were made as shown in 
Table 1. 


TABLE 1 TEMPE ee OF THE CHIP DURING TESTS 


EMULSION 
Approximate temperature 


Temperature of Oxide color of 


emulsion, F chip of the chip, F 
40 Natural 400 or below 
55 Light straw 440 
70 Medium straw 460 
85 Dark straw 490 
100 Purple 540 
115 Purple 540 
130 Blue 580 
150 Blue 580 
Dry Blue 580 


The data of Table 1 indicate that emulsions kept at the lower 
temperatures give more cooling effect on the chip, and those at 
the higher temperatures allow more heat at the tool point, thus 
causing shorter tool life and more tool grinds per piece. 


CONCLUSIONS 


The following conclusions may be drawn from the tests as de- 
scribed: 

1 For the sulphochlorinated mineral oil, the tool life in minutes 
for a 135-fpm cutting speed 7'135 is maximum when the oil is 
maintained at the temperature of 75 F. Apparently the 
relationship between viscosity and temperature is most effective 
then. The maximum value of 735 at 75 F is 11.2 min (100 per 
cent), at 55 F it is 7.8 min (70 per cent), and at 150 F, it is 4.5 
min (40 per cent). Dry cutting gives a value of 4 min (35.7 
per cent). 

2 For the emulsion the maximum value of 713; for 60 F is 
10.5 min (100 per cent), for 40 F it is 9.8 min (93 per cent), for 
150 F it is 6.8 min (64.7 per cent), and for dry cutting it is 4 
min (38 per cent). 

3 For the oil (the eattinn speed for a 30-min tool life) Vso 
for the 75 F is 120 fpm (100 per cent), for the 55 F is 114 fpm 
(95 per cent), for the 150 F is 101.5 fpm (84.7 per cent), and for 
dry cutting it is 99.0 fpm (82.5 per cent). 

4 For the emulsion, Vx for the 75 F is 120.6 fpm (100 per 
cent), for 40 F is 117 fpm (97 per cent), for 150 F is 110 fpm 
(91.4 per cent), and for dry cutting it is 99 fpm (82 per cent). 

5 For the oil, the slope n of the cutting-speed tool-life lines 
is low (0.12) for the low range of temperatures and high (steep) 
(0.155) for the high range and dry cutting. 
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6 For the emulsions, the slope is low (0.104 to 0.115) for the 
temperature range of 55 to 130 F, inclusive, but high for other 
temperatures, as 0.125 for 40 F, 0.135 for 150, and 0.155 for dry 
cutting. 

7 It appears that the high Viscosity of the oil at the tem- 
peratures below 70 F is detrimental and that cooling is impaired. 
At the high temperatures, the viscosity of the oil is low but its 
ability to carry heat away is reduced. The cutting speed for a 
30-min tool life at the high temperatures of the oil is only about 
2.2 per cent above that for dry cutting. The increase in cutting 
speed because of the cooling of the oil is about 18 per cent for 
cooling the emulsion 10 per cent. 

8 The most effective operating temperature of the oil is 
from 70 to 75 F, whereas the emulsion was most effective at a 
temperature of 55 to 70 F. 

9 In general, the slope of the cutting-speed tool-life lines 
for the emulsions is below those for the oil at corresponding 
temperatures. 
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Discussion 


W. A. ALEXANDROFF! AND Z. LETELuIER.® ~The writers believs 
that the temperature of a cutting fluid plays an important part 
not only on the tool life but on the finish as well. It is felt that 
the authors of this paper have done a good job on a very impor- 
tant phase of metal turning as the writers have always observed a 
difference in tool life for different temperatures of cutting fluid. 

The tool life is different on a machine that has stood idle for 
some time, thus allowing the cutting fluid to cool, than it is 
after the machine has been run long enough to heat up the fluid. 
Owing to the fact that no cooling apparatus is provided for 
cutting fluids on commercial machines, it often results that a 
higher-viscosity oil is used than would otherwise be necessary 
This is done because at the higher temperatures, the heavier oil 
is about the correct viscosity, its flash is generally higher, and 
by its use smoking is avoided. However, at the elevated tem- 
peratures, the oil cannot carry away the heat as it should. On 
the other hand, when this heavy oil is cooled, as when the ma- 
chine has been standing idle, its viscosity is entirely too high, and 
again the heat is not properly removed. Therefore, it appears 
that the body of the oil with respect to temperature or its viscosit) 
index, as commonly called, becomes an important factor. 

The oil used for the test.in this paper has a viscosity of 85 
sec at 130 F, and 530 sec at 55 F. Thus for a temperature 
change of 75 F, the oil changed viscosity by 445 sec. Such 
a rapid thickening of the oil as it is cooled would quickly offset 
the cooling effect due to the lower temperature, by the inability 
of the oil to scrub the surface and properly remove the heat. 

The paper indicates that the best temperature for an oil coolant 
is 70 to 75 F, and for the emulsion type of coolant is between 55 | 
and 70 

We believe that much better results would be obtained on the 
oil at the temperature between 55 and 70 F (the same as the emul- 
sion), provided a change is made in the oil to one of a lighter body 
and one that does not thicken so much when cooled, i.e., an oil 
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with high viscosity index. By using an oil with higher viscosity 
index, its body in the temperature range of 55 to 70 F would 
then be about the same as the body of the oil used at 70 to 75 F 

This change would allow, in the lower temperature range, a 
more satisfactory viscosity plus the added advantage of greater 
cooling as a result of the lower temperature of the oil. 

It would have been interesting had the authors noted the 
shape and size of the chips formed at the various test tempera- 
tures, as this might have thrown light on the theory sometimes 
advanced that the functions of a cutting fluid are not only that of 
carrying away the heat from the work and its lubricating value, 
but also its chilling action on the upper surface of the chip which 
causes it to shrink and form short curling chips. 

The authors’ observation of the color and temperature of the 
chips and their relation to tool life when using a water emulsion 
is interesting. The writers have recently encountered a case 
that seems to substantiate their findings. When turning an 
S.A.E. 1025 steel forging 3!/sin. long and 2!/, in. diam on a Cabo- 
lite single-spindle lathe with a Vascoloy steel tool, it was observed 
that the tool life did not conform with other machines performing 
the same operation, and that the chips were much darker in 
On investigating it was found that the temperature of 
the water emulsion used was much higher than the emulsion 
on the other machines. Further investigation showed that the 
operator had allowed the volume of the solution in the reservoir 
to drop to a minimum. 
stored, the temperature of the solution dropped considerably, 
tool life returned to normal, and the color of the chips became 
noticeably lighter. It is unfortunate that the circumstances at 
the time did not allow for more detailed information. 

The effect of the temperature of a cutting fluid on various 
machining operations on steel has undoubtedly come to the at- 
tention of many investigators. An interesting case of this 
nature has recently been brought to the writers’ attention. 
While it does not deal with the turning of steel, it does bring out 
the points the authors of this paper wish to convey, 1.e., that the 
temperature of the cutting fluid has a bearing on tool life. The 
case deals with the drilling of a blind 0.72-in. hole 12.56 in. deep 
in a 1,.8-in-diam AMS 62-53 stainless-steel forging on a special 
Davis-Thompson horizontal drilling machine. A Carboloy- 
tipped gun drill with a '/\.-in. oil hole was used, traveling at 
600 rpm. Numerous cutting oils were tried, tolerances could 
not be held, and tool life was very poor. Water emulsions were 
also tried with no appreciable improvement. The oil tempera- 
ture rose to 110 F during the operation. It was therefore de- 
cided to investigate the effects of the temperature of the cutting 
fluid on the operation. A 200-gal coiled tank and pump were 
installed and city water was passed through the coils, the tem- 
perature of the oil being controlled by the flow of the water 
through the coils. The oil was pumped through the drill under a 
pressure of 325 psi. Beneficial results were immediately ob- 
tained. Tests were taken at several temperatures from 110 F to 
70 F, and best results were obtained in the 70 to 80F range. The 
oil is now maintained at 72 F, and expected tool life and tolerances 
are obtained with a conventional-type cutting oil. ‘ 

The writers question the supposition that the low-tool-life re- 
sults obtained with the water emulsion at the 40 F test tempera- 
ture could be caused by the chilled condition of the test piece, 
because it is not believed that the hardness of the metal would be 
increased to any degree with such a small drop in temperature. 
In order to verify this, the hardness of a disk of S.A.E. 3140 steel 
3 in. diam !/, in. thick was determined at several steel tempera- 
tures with the following results: 


color. 


When the volume of the solution was re- 


At 75 F, Brinell hardness 217 
At 55 F, Brinell hardness 217 
At 40 F, Brinell hardness 217 
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[t is agreed that hardness is not the sole criterion of the ma- 
chinability of a steel, but under the excellent controlled conditions 
used by the authors of this paper in their tests, it is felt that, in 
this case, the hardness does indicate the machinability, and 
therefore the writers do not believe that the poor results ob- 
tained on the 40 F test can be attributed to the effects of the tem- 
perature on the machinability of the test piece. 


JosepH GESCHELIN.* The department of metal processing, 
University of Michigan, is noted for its contributions to the art 
of metal cutting, and its work, in combination with others doing 
fundamental research in this field, should go far to mold the ad- 
vanced practice in metal cutting and in the utilization of cut- 
ting fluids. 

It is to be regretted that industry in general has not appre- 
ciated the vital role of the cutting fluid in metal cutting. Much 
progress has been made in that direction, some of it possibly due to 
the influence of the committee with which many of us are asso- 
ciated. Unquestionably the work done by the authors will have a 
great deal to do with improved methods and more economical 
metal removal. 

The present paper is extremely valuable. It focuses attention 
uponan important phaseof metal cutting, namely, the refrigeration 
of the cutting fluid as an aid to better metal removal and longer 
tool life. During the war, some manufacturers have adopted this 
practice. However, the subject is not widely understood nor 
appreciated, and it is hoped that this paper and other work along 
the same line in the future will result in better understanding of 
the principle and its practical applications. 


F. W. Lucut.? It would be interesting to ktiow what kind of 
results the authors would have obtained if they had substituted 
a suitable steel-cutting grade of cemented carbide for the 18-4-1 
high-speed steel and operated the lathe at cutting speeds rang- 
ing between 200 and 400 surface fpm. It might have been 
necessary also to use slightly different rake angles on the tool. 
It might have been necessary to check the size of the motor in 
their machine because their feed of 0.0125 in. when operating at 
increased revolutions might have placed an added burden on it. 
This results from the fact that the rate of metal removal would 
have been doubled or tripled. The carbide industry does not 
have any tangible data similar to that which the authors have 
compiled, and would welcome it. Have the authors done any 
such work with cemented carbides? 

All indications to date, as a result of plenty of experience, are 
that the longest tool life would have resulted from the runs men- 
tioned, when cutting dry, because it is questionable if at a cutting 
speed of 200 fpm and greater the coolant would have reached the 
point of the tool. The main reason for this is that the chip would 
have developed at such a high rate of speed that the coolant would 
never have been permitted to reach the immediate surface being 
cut, unless the velocity of the coolant was great enough and was 
directed at the tool point underneath the curling chip. 

Our experience indicates that pure water with only enough 
soluble oil added to it to prevent the rusting of the machine parts 
serves as one of the finest coolants when turning steel with car- 
bides. Many times we are forced to use such a coolant to main- 
tain work tolerance when much better tool life might be obtained 
cutting dry. The main hazard when using a coolant is to keep 
the tool sufficiently cool at all times so that the tool will not be 
chilled too quickly when it comes out of the cut. 

We are sorry to say that cutting oils, as developed to date, 
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have never seemed to contribute much to the life of carbide tools 
when operating at the more efficient higher carbide cutting speeds. 
It is difficult to keep the flow of the oil on the work and within 
the confines of the machine when operating at these high cutting 
speeds. It also makes what might be termed a messy job. 

We have also found that, even though there is a sufficient vol- 
ume of oil to flood the entire cut in the vicinity of the tool, the 
moment the chips emerge from the oil stream and drop into the 
chip pan they create a new problem. A dense cloud of objection- 
able vapor rises from the pile of chips and many operators do not 
care to work anywhere near it. 

We are glad to say that cutting oils are used successfully with 
cemented-carbide-tipped gun drills. In this particular applica- 
tion, an ample volume of oil is used which cools the chips within 
a confined space before they contact the air. 

Any kind of a cutting fluid would be welcome which could be 
used with cemented carbides for turning steel at the lower cut- 
ting speeds, and reduce or even eliminate the built-up edge which 
is so troublesome at these lower speeds. 


W. H. Oxpacre.* Once again Dr. Boston and his associates 
have brought us a well-documented well-organized report on a 
specific research in metal cutting. This report will be very valu- 
able if properly understood and clearly correlated with the com- 
plete metal-cutting picture, but much harm is almost certain to 
result from poor correlation and misunderstanding. 

Too often consideration of metal-cutting problems suffers 
from attempts at oversimplification. Crowding the many 
complexities and perplexities of the behavior of metals, the 
mechanisms of lubrication, the relationships of tool and work 
materials, and the chemical effects of cutting fluids into the mold 
of our limited understanding, we toil busily, recapturing the spill 
but making poor progress toward comprehensive clarification. 

The effects of temperature change are universal. Therefore, 
in appraising the results of this investigation and applying them 
to everyday metal cutting, generalizations must be carefully 
avoided. 

In any particular case, what is the effect of temperature on the 
material of the tool and the workpiece? Most materials become 
stiffer on cooling. With some this improves machinability, with 
others it does not. The viscosity of oils changes greatly with tem- 
perature; this in turn affects velocity of flow and heat-transfer 
characteristics. Undoubtedly, chemical activity plays an im- 
portant part in the functioning of sulphurized, chlorinated, and 
other special oils frequently used in metal cutting. Chemical 
activity is accelerated at higher temperatures. Whether greater 
or less activity is desirable depends upon specific conditions. 

Equilibria in multiphase emulsions and soap-oil systems 
fluctuate with temperature, and performance is thereby affected 
but just how is not apparent. 

Undoubtedly, temperature regulation will play an important 
part in tomorrow’s machining processes but there is little basi« 
for the assumption that cooling alone will be a panacea. 


AvuTHORS’ CLOSURE 


The authors are pleased with the amount of interest that the 
subject matter of this paper has aroused. While the scope of 
the paper was limited, it obviously has pointed directly to the 
primary value of cooling the tool in order to increase tool life. 
These results have been confirmed in a number of letters re- 
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ceived from manufacturing plants. As Messrs. Alexandroff 
and LeTellier have pointed out in their diseussion, the applica- 
tion of cutting oils at lower temperature is more advantageous 
providing the viscosity is not increased, disadvantageously. 
It is doubtful, however, if it would be commercially practical to 
operate oils at temperatures below that of 70 deg or so because 
of the possible influence on the composition of the oils as brought 
out by Mr. Oldacre in his discussion and because of the chilling 
effect on the tools. 

The authors did observe, not only in these tests but in others, 
that chips coming from the tool at high speeds and with inade- 
quate cooling are blue, whereas either a drop in speed or better 
cooling will cause the chips to be removed at lowe? temperatures 
and retain the steel-like color. These and similar results have 
béen reported previously in other papers. 

It has been found that simply by chilling the steel test log the 
tool life has been increased. For example, in one test conducted 
several years ago, a 6-in-diam X 24-in-long test log of annealed 
3140 steel when turned under standard conditions with ¥ bigh- 
speed steel tool bit gave the equation V7-°% = 125 when the 
test log was heated to 200 F and cutting was done dry; V7: 
= 140 when the test log was at a temperature of 65 F when cutting 
dry, and V7°-!°3 = 149 when, the test loz was chilled for 24 hours 
atO F. This means that the slope (tangent) of the cutting-speed 
(V) tool-life (T) line for the test log at 200 F was 0.0645 and th: 
cutting speed for a 1l-minute tool life was 125 fpm. For thi 
test log at 65 F the slope was 0.0856 and the cutting speed for 
1-minute tool life was 140 fpm. For the test log chilled to 0 | 
the slope was 0.103 and the cutting speed for a 1-minute tool lili 
was 149 fpm. When cutting the same log at room temperature, 
cooling the tool with an emulsion, the slope of the line was 0.107 
and the cutting speed for a l-minute tool life was 157 fpm. For « 
30-minute tool life, cutting speeds would be 100.3, 104.5, 105, 
and 109, respectively. It is therefore seen that by chilling the 
log even to 0 F, the tool life is not as long as when using «1 
ordinary emulsion as a cooler. The statement in the paper to tl 
effect that the steel is harder at lower temperatures is obvious!) 
incorrect. 

Mr: Lucht has raised the question of value of a coolant o: 
carbide tools when turning. He then proceeds to answer thi 
question, stating that cutting fluids do not seem to contribut 
much to the life of carbide tools, that the cutting fluids becon. 
messy by splashing and vaporizing at these high speeds, and th:t 
there is danger of cracking the tipped tools of carbide through the 
possible sudden changes in temperature caused by intermitten! 
cooling. The authors agree with these conditions in gener: 
but have no further information to offer on the subject. \|: 
Lucht further states that any cutting fluid which would tend 
reduce or eliminate the built-up edge in the lower range of cuttine 
speeds would be welcome. Probably one of the chief virtues o! 
carbide tools is that they can withstand high cutting speeds, anc 
high cutting speeds in themselves are believed by the author: 
to be the principal medium of reducing the size of the built-u; 
edge. Even at the normal cutting speeds associated with hig!- 
speed steel cutting tools, it is evident that the built-up edge |- 
better when the tools are operated at the higher speeds. 

Mr. Oldacre raises the question as to the chemical stability o! 
the oils when operated at temperatures above or below norm: 
operating temperatures. This is, of course, a problem constant!y 
being met but on which little constructive data are available at 
the present time. Undoubtedly this subjeet alone would profit 
by further research, 


ae 
~ 
. 
; 
t 
3 
| 
: 
© 


A Thermal-Balance Method and Mechanical 


Investigation for Evaluating Machinability 


By A. O. SCHMIDT,' W. W. GILBERT,? ann O. W. BOSTON?® 


The first section of this paper reports on the results of an 
investigation of a calorimetric process for the determina- 
tion of drilling forces. Tests were run on a drill press 
which was provided with a dynamometer for registering 
torque and thrust. The calorimetric setup was mounted 
on the accurately calibrated dynamometer. The tempera- 
ture rise of 50 ce of water which surrounded the tool and 
test bar during the cutting operation was determined. 
Horsepower was computed from the torque and thrust 
registered on the dynamometer and was found to agree 
substantially with the power determined from the tem- 
perature changes in the calorimeter due to cutting. The 
results of another series of tests run on a different machine 
using calorimetric apparatus of slightly changed design are 
alsogiven. The second section of this paper gives a descrip- 
tion of the machine used and the tests made prior to the 
investigation with the calorimetric apparatus. In these 
experiments a tubular test bar was cut by a tool mounted 
in a special holder in a drill press spindle. The feeding of 
the tool was effected by a weight. Because of chip inter- 
ference during the cutting of magnesium alloys, these 
penetration tests were discontinued in favor of the calovi- 
metric tests. 


Discussion oF PREVIOUS INVESTIGATIONS 


FEPNLUE problem of the machinability of metals «nd other 
engineering materials is encountered daily in every ma- 
Since this problem varies with each material, 


chine shop. 
cutter, and machine tool, and also with many other factors, nu- 
merous investigations have been conducted. Even if each of 
them gave the answer to a particular question, so far it has not 
been possible to sum them up in a “comprehensive philosophy 
of metal eutting.”” This statement was made by O. W. Boston 
(1)* in a discussion of the results of his own work and those of 
other research workers in the field of metal cutting. He lists 
nine methods used in the investigation of machinability, of which 
the determination of tool life, power consumption, and surface 
finish are now recognized as the most representative machina- 
bility tests. 

Since it is necessary to have a considerable amount of experi- 
ence and also special equipment in order to conduct and evalu- 
ate these tests, other and simpler methods have been devised in 
in attempt to gain an easier and more rapid method of finding 
the relative machinability of various materials. 

‘ Research Engineer in Charge of Metal Cutting Research, Kear- 
ney & Trecker Corporation, Milwaukee, Wis. Mem. A.S.M.E. 

? Associate Professor of Metal Processing, University of Michigan, 
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The penetration test on the drill press, in which a standard- 
ized drill works under a constant load and speed for a definite 
time, was used by Boston (2) and Kessner (3). This method 
assumes that the drill makes a hole with a depth proportional 
to the machining properties of the metal tested. Because there 
exists a great deal of friction on the margin and chisel-edge point 
of the drill, the penetration tests have not been found reliable. 
The same can be said of the sawing test, mentioned by A. S. 
KXenneford (4), in which the time required to saw a test bar with 
« power hacksaw is measured. Here, again, the high amount of 
friction developed at the hacksaw blade is a varying factor, and 
therefore the cutting time does not give a true measure of 
machinability. Boston (5) measured the effect of cutting fluids 
on the performance of a hacksaw and found large variations in 
the time required to cut off 1!/,in-square sections of eight 
different metals when applying various cutting fluids. 

Hardness tests, for which definite relationships to other physi- 
cal properties are established, Boston (2) found to be remote and 
also misleading as a measure of machinability, when he tested 
18 ferrous and 21 nonferrou#metals. Changes in the structure 
of the metal are caused by the tool pressure. E.G. Herbert (6) 
investigated this problem and found that metals are work- 
hardened ahead of the cutting edge. This hardness of the test 
log is affected by (a) ductility or brittleness, and (b) its capacity 
for work-hardening. Sorenson and Gates (7) collected machining 
data on more than 100 different S.A.E. steels and established 
machinability ratings on the basis of volume of material removed 
inagiventime. It was found that to some extent decreasing hard- 
ness and tensile values gives an increase in machinability, but 
there are also wide divergencies. 

Several investigations with the purpose of measuring the tem- 
perature during the metal-cutting operation have been carried 
out. Boston and Gilbert (8) conducted tests to determine the 
cutting temperatures developed by single-point turning tools. 
They used the tool-work thermocouple method in which the 
cutting tool and the test log acted as the two elements of the 
thermocouple. In their tests they measured a maximum tem- 
perature of approximately 980 F for certain conditions, but came 
to the conclusion that the temperatures as measured with the 
tool-work thermocouple may be affected by changed electrical 
properties of the metal in the test log, which is compressed and 
deformed by the tool point. E. G. Herbert (9) in England also 
used this method, and K. Gottwein (10) in Germany used it 
while investigating the relation of tool temperature to chip cross 
section in turning. 

Friedrich Schwerd (11) questioned which part of the tool gains 
the maximum temperature and developed an optical arrange- 
ment which directs the heat rays from a point on the chip to a 
highly sensitive thermoelement. Boston and Gilbert (8) think 
that it is doubtful whether the maximum or even proportional 
temperatures could be obtained by Schwerd because his setup 
allows the measurement of the temperature distribution on the 
surface only. They found that the temperature of the tool is 
also dependent upon the built-up edge. This built-up edge is 
formed on the tool by compressed layers of ductile materials 
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and is influenced by numerous factors which are discussed by 
Hans Ernst (12). 

Although these various investigations were conducted to de- 
termine cutting temperatures, only a part of the temperature 
was recorded in each case and a large amount of the heat was not 
measured. During each cutting operation, heat is lost by the 
eonduction of the tool, toolholder, and workpiece, as well as by 
radiation and convection. 

A test which was carried out to determine the amount of heat 
generated during a metal-cutting operation was reported by 
Count Rumford (13) to the Royal Society on January 25, 1798. 
With a blunt boring tool he machined a brass cannon barrel 
submerged in a box filled with water, Fig. 1. The experiment 
was conducted as an inquiry concerning the source of heat, and 
it constitutes the first recorded research to measure the heat gen- 
erated by friction during the cutting operation of a machine tool. 

Joule (14) made several investigations of the mechanical 
equivalent of heat. In one of these, he used beveled cast-iron 
wheels pressed against one another while revolving under water 
and observed the increase in temperature. A similar arrange- 
ment was employed by Favre (15) who used a copper disk rotat- 
ing in a partitioned ring which steel springs forced to contract. 
In this case, the friction was used to heat a mercury calorimeter. 
Hirn (16) performed a number of experiments on the friction and 
deformation of metals for the determination of the mechanical 
equivalent of heat. He also measured the heat generated while 
boring metal but did not give any description of the equipment. 


WATER CANNON 
\ BARREL 
» 
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BORING WOODEN 


TOOL BOX 


CaLoRIMETRIC TEST SETUP AS USED AND ILLUSTRATED BY 
Count RuMFOoRD 
On left-hand side is an iron bar to the end of which a blunt boring tool is 


xed which is forced against bottom of borein cannon. Tool and workpiece 
are submerged in a wooden box filled with water.) 


Fig. 1 


Brackenbury and Meyer (17) conducted a few calorimetric 
tests to determine the heat in the chips and in the test bar. A 
lathe was used and the chips were collected in a pan filled with 
water. The temperature rise of this water and the temperature 
rise in another quantity of water into which the test bar was 
dropped at the end of the test, were used in the computation of 
the power required to cut the test bar. Similar tests were con- 
ducted by Friedrich (18) who stated that the temperature of the 
chips increases with the cutting speed when the cross section of 
the chips remains the same. 

Sawwin (19) arranged a calorimeter and dynamometer on a 
lathe. He used a two-lip cutter similar to a milling cutter to 
cut a tubular test bar. Although, with this setup, he tested 
mainly the cooling and lubricating effect of cutting oils and 
emulsions, he had found in earlier experiments that the work 
expended in metal cutting was transformed into heat. 
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CALORIMETRIC PROCESS APPLIED TO DETERMINA- 
TION OF TOOL FORCES 


In the reported tests water is employed as a means of measur- 
ing the quantity of heat generated by a combination of friction 
and deformation during the cutting operation. ‘To measure the 
quantity of heat thus generated, the tool and workpiece are 
submerged during the cutting operation in a specified quantity oi 
distilled water. The temperature of the water at the beginning 
and end of the cutting operation is read by a thermometer. 
Rate of cooling is observed and used for the determination of the 
temperature which would have been attained at the end of 
the cutting operation if no radiation, conduction, and convection 
had taken place. When work is transformed into heat, or heat 
into work, a quantity of work is the mechanical equivalent of a 
quantity of heat. Thus by observing the temperature changes 
of the water surrounding the tool and workpiece during the 
cutting operation, it is possible to study the power requirement 
for the cutting of different materials and the effect of tools upon 
the power consumption by changes in tool design. 

The test specimen and the cutting tool are arranged in a con- 
tainer so that both will be covered by water. Therefore, to 
obtain a correct computation of horsepower, the water equiva- 
lent of the container, test specimen, and all the other parts 
which are immersed in water must be considered with the water 
in the container. The time of cutting is constant; it can be 
chosen to suit the particular test and made short enough to 
eliminate noticeable heating through agitation of the water. 
To minimize the influence of the surrounding temperature, the 
water and all parts of the equipment should be at room tempera- 
ture at the beginning of the experiment. All the necessary 
values are therefore available for the determination of the 
horsepower required in the cutting of metals or other materials 
from the heat generated in the cutting operation. 

The calorimeter can be taken as one body of weight W with « 
temperature t which has a mean specific heat cp. A change of 
temperature dt of this body brings about a change dQ of the heat 
in the body 


dQ = 


The quantity of heat which this body absorbs when being 
heated from room temperature ¢ to a higher temperature ¢, is 


Q = Wf cuit 


Since c, can be considered as constant in this case and all parts 
of the calorimeter as having attained the same temperature 


Q = (ty t) 


PROCEDURE AND EQUIPMENT FOR CALORIMETRIC TESTS ON DRILL 
Press 

The calorimetric apparatus is shown in Fig. 2. Two centering 
pins protruding from the top surface of the dynamometer fit 
into holes in the finished base plate. It is thus assured that the 
test bar is always centered with the drill. The test bar has an 
outside diameter of 0.375 in. and is 1.625in. long. The pilot hole 
in the center is 0.110 in. diam and 1'/,in. deep. The thread at 
the bottom is 3/s; in. N.C. and !/2 in. long. To insure uniform 
cutting conditions, the test bars are countersunk at the top with « 
7/,s-in. drill. The container is of sheet metal 0.012 in. thick and 
can be removed from the rubber gasket to permit easier mounting 
and removal of the test bar. <A 5/s-in-thick felt insulation is 
wrapped tightly around the container. The drill is 7/;¢. in. diam 
with a helix angle of 30 deg, a point angle of 118 deg, and 12 deg 
relief angle. It is held in the universal chuck of the drill press 
on the table of which the dynamometer is mounted. 
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ON A DYNAMOMETER FOR REGISTERING TORQUE AND THRUST SIMUL- 
TANEOUSLY 
The calorimeter is located on top of dynamometer by two centering pins. 
Test bar is threaded at lower end and screwed into a holder.) 


After the test bar is screwed into the holder, the container 
with the felt insulation is put in place and the calorimeter is set 
upon the dynamometer. With a pipette, 50 ce of distilled 
water is measured into the container. This water completely 
covers the test bar and the drill for a height of */, in. when the 
point of the drill touches the test bar before cutting has started. 
The thermometer is put in the container and is held in place by 
braces. Water temperature is taken before cutting begins (it 
should be about equal to the room temperature). Feed is stopped 
after 1 in. of the test bar has been cut. Water temperature is 
noted again when the maximum temperature has been reached, 
about 2 see after the drill has stopped cutting. The drillis kept 
running in the water during this time. To effect a better stirring 
action, the drill is provided with two blades of sheet metal, 0.012 
in. thick, which are soldered to the land. The blades extend 
3/16 in. from each side of the drill. They pass the thermometer 
without interference and the water is churned but not thrown out 
of the container. The chips cut from the test bar do not sink 
to the bottom but are kept floating by the turbulence of the 
water. The thermometer used is graduated in 1-deg increments 
and is read with a reading glass. 

Nine Dowmetal alloys were used for these tests, the drill press 
spindle making 700 rpm and having a feed of 0.0025 in. per 
revolution. A number of tests were made with varying feeds 
on test bars of the same extruded Dowmetal. On another drill 
press, with a different speed and feed, a three-jaw chuck clamped 
on the table was used to hold a test bar of the same design but 
with a length of 25/i.in., Fig. 3. A drill which had blades 
soldered on for better stirring action did the cutting. 

Spindle speed was 510 rpm with a feed of 0.004 in. per revolu- 
tion. All of the different magnesium alloys were tested in this 
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(Test bar is held in a three-jaw chuck which is mounted directly on table of 
drill press.) 


manner, and the results were in agreement with those of the 
first setup. The same agreement was found with test bars made 
of steel and brass when cut on either machine. 

A series of tests was conducted with a room temperature of 
55 F, as compared to 70 F, when the other tests were made. The 
difference in temperature in the calorimeter was the same in each 
case. 

The felt insulation was removed during a number of tests. 
As a result, the temperature difference was between 5 per cent 
and 10 per cent lower, depending upon the surrounding tem- 
perature which was changed by opening doors and windows. 


DIscUSSION AND INTERPRETATION OF RESULTS 


The main advantage of this testing method is that it shows even 
small differences in the cutting properties of various metals and 
alloys. In order to measure the heat generated during the 
cutting operation as accurately as possible, using only 50 ce of 
water in these tests is expedient. A larger volume of water 
causes smaller temperature rises. This makes the differences in 
thermometer readings less pronounced and also necessitates the 
use of a correspondingly larger agitator. 

Readings of torque and thrust were taken simultaneously for 
each test bar as it was cut in the calorimeter. In order to obtain 
accurate readings of torque and thrust on the dynamometer, 
the drill was ground with a slight brass point. This of course 
increased the power values but resulted in cutting without vibra- 
tion and permitted true readings of the dial gages, which reg- 
istered torque and thrust with a high degree of accuracy. The 
values are given in Tables 1, 2, and 4 and are the averages of 10 
recorded tests with each metai. 

Magnesium alloys were all cut with the same drill, and the 
differences measured in temperature were within + 0.2 deg F 
for each alloy (see Table 3). Care was taken to keep the felt 
insulation dry as otherwise a marked change in temperature 
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TABLE 1 


TABLE OF TEST DATA FROM DYNAMOMETER AND CALORIMETER, FIG, 27 


MAY, 1945 


in Degrees F. 


Materiel Cut 


Temp. Difference 
Torque in 

lb ft 

Thrust in 1b 
Horsepower 

from Torque 


and Thrust 


(Torque + Thrust) 
Ratio in Per Cent 
Horsepower from Heat 


ou in. per min 
u in er min 
Horsepower from 
Torque + Thrust 
Hardness 
Brinell 
lb per sq in. 


Horsepower from Heat 
Tensile Strength 


Horsepower per 
Horsepower per 


Composition 


Dowmetal Extruded 


Nn 


@ 


20789 


. 
on 
~ 


Dowmetal Extruded 


6A 1 


Dowmetal Extraded 


20702 1.5 lm 


Dowmetal, As Cast 


20839 9 A 2 


Dowmetal, Heat Treated 


9A 2 


Heat Treated 
Annealed 


Downetal, 
and 


9 al 2 


Dowmetal, As Cast 


20839 6 Al 3 


Downetal, Heat Treated 


0902 6 Al 3 


Dowmetal, 
and 


Heat Treated 
Annealed 


Zn 
Zn 
Zn 
Zn 


-476 | .0818 38,000] 6 Al 3 


Free Turning Brass 110.0 


50,000] 3.5 Po 35 


Low Carbon Steel $AE1030 2.34 185.0 


h.765 | 70,000] SAE 1030 


Carbon Steel $aE1090 he52 [260.0 


e421 586 150,000} SAE 1090 


* Spindle speed, 700 rpm; feed 0.0025 in. per revolution; 7/i6-in. 


TABLE 2 TABLE OF TEST DATA 


drill with brass point; time of cutting, 0.57 min. 


FROM DYNAMOMETER AND CALORIMETER, FIG. 2¢ 


Horsepower 


Horsepower 


Material Cut 
Time of Cutting 
Temp. Difference 
in Degrees F 
Torque in 


per oent 


Per ou in. 

Per ou in. 

Ratio in 
*Prorque + Thrust 
Hardness 

Brinell 


& Thrust 
*PHeat 


Dowmetal No. 


N 


13.80 


oO 


owmetal No. 
xtruded 


12.40 | .772 


9-23 | -949 


& 


193 8.14 f.091 


c iti ft 


co 


o 


* Spindle speed, 700 rpm; 


occurred. Provision was made to stop the feed of the drill in 
exactly the same place each time by putting a collar on the drill 
press spindle. At the beginning of the cut, the height of the test 
bar was checked with a vernier height gage with which the depth 
of cut was also measured. 

Since the increase in temperature when cutting steel bars is 
several times greater than that for magnesium, tests were made 
in which the length of cut was'/,in. and/or'/,in. The resulting 
temperature increase was one half or one quarter of that for a 1- 
in. length of cut, and horsepower per cubic inch per minute was 
the same in each case. 

The thermometers used had a 1-deg graduation from —40 to 
120 F and from —10 to 100 C. 


feed 0.0025, 0.0034, 0.0057, 0.0074 in. per revolution; 7/is-in. 


drill with brass point. 


Prior to each test, the container and drill were dried with a 
piece of cloth. Before the cutting operation was started, the 
temperature of the water was taken after it had been stirred by 
the drill in the container for 1 min. No heating effect could be 
observed in the water through the stirring action of the drill, even 
with chips in the water, after a 3-min period. To keep heat 
losses at a minimum, the time of cutting was kept at 0.57 min 
or less. 

In a previous investigation of cutting oils (20) a twist drill and 
test bars with a pilot hole were employed. These tests showed 
that cutting such a test bar with a twist drill eliminates the 
friction and squeezing action at the chisel-edge point and margin 
which always occur in the drilling of holes. Nine different cut- 


13.00 83.5 20810 
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ting fluids, including distilled water, had no effect on the cutting 
forces when a tubular test bar was used. It can therefore be 
stated that in the tests reported here there was no change in 
the cutting forces due to the fact that tool and workpiece were 
surrounded by distilled water. 


SaMPLE CoMPUTATION OF VALUES IN TABLE 1 


Horsepower required for cutting extruded Dowmetal I: 


2X X 700 X 0.605 
33,000 


HPpTorque = = 0.08063 


700 X 0.0025 X 83.5 
Hp rhrust = 
12 X 33,000 


= 0.00037 


* Hprowm = 0.08063 


The water equivalent of the calorimeter (Fig. 2) was deter- 


mined as 16.73 g by using the following values: 


Grams 
30.00 
40.00 

8.20 
19.00 


Container (steel) 
Holder for test bar (steel) 
Screws (steel) 
Drill, part in water (steel) 


97.20 0.1102 
Part of thermometer in water. . 4.20 XK 0.200 
Rubber gasket 8.63 XK 0.480 
Dowmetal test bar... 4.25 X 0.249 


All steel parts 


Water equivalent = 16.73 


When cutting a test bar of steel, the water equivalent is 17.52 g. 
When cutting a test bar of brass, the water equivalent is 17.68 g. 


Horsepower from heat: 


Water equivalent of container, etc 
Water 


Temperature difference = 13.00 deg F 


1 X 400 
Time of cutting = _ 0.5714 min 


0.1471 X 13.00 = 1.9123 Btu per 0.5714 min 


1.912 
a = 3.3467 Btu per min 


33,000 ft-lb per min 
778.76 ft-lb per Btu 


= 42.44 Btu per min 


1 hp = 42.44 Btu per min 


Horsepower from heat = = 
42.4 


The rate of fall of temperature of the calorimeter is 0.1 deg F 
per min at a temperature of 83.60 F, which is almost the maximum 
reached at the end of cutting. No correction for conduction, 
radiation, and convection has therefore been made, as heat 


* For specific heat compare Marks’ ‘‘Mechanical Engineers’ Hand- 
book,” p. 300, Table 9; and Kent’s ‘Mechanical Engineers’ Hand- 
book” II, Power, pp. 3-20, Table 6. 
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TABLE 3 TYPICAL TEMPERATURE READINGS AS TAKEN IN 
TESTS FOR EXTRUDED tg hn FROM CALORIMETER, 


Temperature at 
End of Cutting 
°F 


Temperature 
Difference 
Op 


Temperature a 
Begin. of Cutting 


72 
6.8 
7.2 
6.9 
6.9 
6.8 
7.0 
71 
7.0 


7.0 


Ave. 


® Maximum temperature difference = 7.2 deg F 
Minimum temperature difference = 6.8 deg F 
Average temperature difference used for computation = 7 deg F 


losses amount to less than 0.4 per cent. The time of cutting is 
only 0.57 min, and the sum of all uncertainties including those 
of the dynamometer is not more than 3 per cent. 


Cubic inches of metal cut per minute = area x feed per 
revolution X rpm 
_ (0.375? — 0.110%) 
4 


x 0.0025 x 700 
= 0.1768 


Horsepower per cubic inch of metal cut per minute: 


0.079 
From heat = : 


= 0.44 
0.1768 : 


0.0810 
From torque and thrust = 


Ratio in per cent of 


Horsepower per cu in. per min from heat 


Horsepower per cu in. per min from torque thrust “a 


0.446 

It was assumed that the felt on the outside of the container 
acted as a perfect insulator and that the wood block did not be- 
come heated during the test. That the foregoing assumptions 
conform in a sufficient degree of accuracy to the action of the 
calorimeter during a cutting time from 0.193 to 0.57 min can be 
seen from the dynamometer values in Tables 1 and 2. With 
equal accuracy, it can be stated that the heat increase in 50 ec 
of water in the setup in Fig. 2 constitutes 75 per cent of the total 
heat generated during the cutting period. 

It is not always possible to use a dynamometer simultaneously 
with the calorimeter. However, a similar approximation of the 
water equivalent can be made in other cases and will suffice 
for metal-cutting operations. Differences in the cutting prop- 
erties of metals require different tool forces, and therefore gen- 


= 
ilo. 
of 
1 71.2 7E als 
3 71.5 78.3 ee 
71.5 78.7 
6 720k 79.3 
0.00037 7 72 7922 
0.08100 7265 7965 Se 
Grams 
10.69 
1.06 
66.73 
4536 0.1471 Ib 
53. 
0 
: 
— = 0.079 
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erate different amounts of heat. The better the cutting prop- 
erties of a metal the less heat will be generated while it is being 
cut. 


SAMPLE COMPUTATION OF VALUES IN TABLE 4 


The water equivalent of the calorimeter in Fig. 3 was com- 
puted as 18.46 g when cutting magnesium. 

When cutting a steel test bar the water equivalent was 20.07 g. 

When cutting a brass test bar the water equivalent was 19.75 g. 


Water equivalent of container, etc. = 18.46 ¢ 
Water ‘ = 50.00 g 
68.46 g 

68.46 


- = 0.1506 Ib 


Temperature difference = 7.5 deg F 


1 250 
——— = 0.491 min 
510 


Time of cutting = 
0.1506 X 7.5 = 1.130 Btu per 0.491 min 


——— = 2.305 Btu per min 


orsepower Iro at = ——_ = 


Horsepower per cubic inch of metal cut per minute 
0.0544 0.308 
0.1768 == 


RECOMMENDATIONS FOR FURTHER STUDY 


More than 300 tests were conducted with the calorimeter shown 
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in Fig. 2, and 200 with that shown in Fig. 3. The most note- 
worthy feature in these tests was the ability to duplicate the re- 
sults with each magnesium alloy taken from the same rod within 
very close limits. For general testing purposes the setup as 
shown in Fig. 3 is better because it is more rigid. 

The calorimetric process can be applied to other types of 
machine tools. In most cases, the test specimen will be ar- 
ranged in a container filled with a definite quantity of distilled 
water or any other fluid whose specific heat is known. The cut- 
ting or forming tool will operate while it and the test specimen 
are covered with water, and the rise in temperature of the water, 
as brought about by the cutting or forming operation during a 
definite time period, will be measured. The correction for radia- 
tion, conduction, and convection, and for the water equivalent 
of the container, test specimen, tool, and thermometeg must be 
made before computing the final power values. To minimize the 
influence of the surrounding temperature, the water and all parts 
of the equipment should be at room temperature at the beginning 
of the operation. The rise in temperature of the calorimeter 
can be used as an indicator. It will be possible to study the power 
requirements for the cutting and forming of different materials, 
and the effect of tools upon the power consumption and surface 
finish, by changes in tool design and tool material. In cases 
where there is not enough stirring effect by the movement of the 
tool or workpiece a special agitator should be provided so that 
the temperature readings represent the mean temperature of the 
water. 

An application of the calorimetric principle was made for the 
determination of tool forces in high-speed milling by A. O. 
Schmidt (21). The test bars were cut dry and only the heat in 
chips was measured. 

When using various types of cutting fluids, oils, and emulsions 
in place of distilled water to cover the tool and test specimen, 
their cooling effect as well as their influence on power con- 


TABLE 4 TABLE OF TEST DATA FROM CALORIMETER, FIG. 3¢ 
Temp. Horsepower Tensile Com- 
Material Difference Brinell |strength position 
Gut in from ia Hard- (1b per sq jof Alloy 
No. Degrees F Heat per min. ness in.) 
7 3 al 
Dowmetal Extruded 1 7.0 20508 - 287 53 40,000 1 Zn 
6 Al 
Dowmetal Extruded 2 0544 65 43,000 1 Zn 
Dowmetal Extruded 3 6.25 0453 2256 4o 40,000 1.5 Mn 
Dowmetal Cast 705 0544 .308 60 24,900 22 
Dowmetal Cast, 
Heat Treat 705 +0544 -308 60 39,000 |3 
Dowmetal Cast, Heat 9 Al 
Treated & Annealed C 75 20544 «308 75 39 ,000 2 Zn 
6 Al 
Dowmetal Cast H 72h 20525 2297 50 27,000 3 Zn 
Dowmetal Cast and 6 Al 
Heat Treated H 7-93 +0575 +326 50 38,000 3 Zn 
Dowmetal Cast, Heat 6 Al 
Treated & Annealed H 6-95 +0504 +285 62 38,000 3 Zn 
3 
Free Turning Brass 10.00 -0740 140 50,000 5 Zn 
High Carbon Steel saz 1090 | 19.00 «3640 2.059 260 150,000 _| SAB _1090 


® Spindle speed, 510 rpm; feed, 0.004 in. per revolution; 7/1s-in. drill. 
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sumption can be studied by measuring the difference between the 
beginning temperature and the temperature at the end of the 
cutting operation. 

CONCLUSIONS 

1 A comparison of the values of horsepower from torque and 
thrust with those from the heat generated during cutting shows 
that the calorimetric method gives results comparable to those of 
a well-calibrated dynamometer. 

2 The calorimetric setup is simpler than other methods used 
for the determination of tool forces, such as the dynamometer, 
and its sensitivity permits the accurate determination of those 
small differences which occur in various magnesium alloys in a 
short time and with a small amount of material. 

3 In the ealorimetric test, when steel test bars or other ma- 
terials requiring large cutting forces are used, the amount of metal 
There 


is still a high increase in temperature, and the final result is of 


cut may be one half or one quarter of that of magnesium. 


the same order. 


PENETRATION TESTS 
Before the ealorimetric investigation was carried out, other 
more reliable 
method for a rapid determination of machinability than the 


tests were made. Their object was to find a 


drill-penetration and sawing tests. Boston (2) and Kessner (3) 


Fig.4 ARRANGEMENT OF TEST EQuipMENT FOR PENETRATION TESTS 


had used the penetration test with the twist drill. Boston had 
found it of little value beeause of the difficulties encountered 
in regrinding a drill with exact angles. This difficulty was 
eliminated by using a special single-point tool which could be 
reground accurately. A tool bit was rotated in a spindle 
under a constant load, at the same time cutting a stationary 
tubular test bar. The penetration was recorded on a chart 
from which certain deductions about the machinability of the 
test-bar material with relation to the tool could be made. 

A somewhat similar tool-steel testing machine, designed by 
E. G. Herbert (22), also used a tubular test bar of standard dimen- 
sions and properties which was rotating against a stationary 
tool. It was intended to measure the durability of the tool by 


TOOL HOLDER 
MOUNTED ON 
DRILL PRESS SPINDLE 


TOOL 
PILOT PIN 


TEST BAR 


ITHREE-JAW CHUCK 


Toon anp Test Bar at BEGINNING OF CUT IN PENETRATION 


Fig. 5 


the amount of material removed from the standard test bar be- 
fore the tool had worn a definite amount. 

Since the new arrangement was simpler than the ones used 
before, it was thought worth while to carry out an investigation. 
PROCEDURE AND EQUIPMENT 

For these tests a bench-type, Delta drill press was used. It 
was equipped with a recording instrument consisting of a Leich 
motor making 1 rpm, mounted in a housing, and pulling ‘‘Waxon” 
recording paper across the face of the housing with a speed of 2 
ipm. A special toolholder for the single-point tool was designed, 
and a three-jaw chuck was mounted on the table of the drill press 
concentric with the spindle. A sprocket wheel over which ran a 
weighted chain provided the feed, Fig. 4. 

At the lower end of this spindle was mounted a toolholder 
which carried a single-point tool. In the center of the tool- 
holder was a pilot pin which rotated in the cylindrical hole of 
the test bar. The test bar was held stationary in a three-jaw 
chuck mounted rigidly upen the table of the machine and was 
centered in such a way that the pilot pin rotated in the hole 
without rubbing on the walls. The tool cut the walls, thus re- 
ducing the length of the test bar. Amount of reduction of the 
test bar was dependent upon the material, cutting speed, load 
applied, tool angle, and surface quality of the tool. A scriber 
made the same vertical movement as the spindle and registered 


. a line on the recording sheet which moved horizontally at a con- 


stant speed. As long as the tool was cutting at a uniform rate, 
the scriber had a uniform motion and thus made a straight line. 
When the rate of penetration changed, the slope of the 
line made by the scriber also changed. The depth of cut was 
affected by the material used for the test bar and by the tool 
angles. These factors also entailed different slopes of the line 
made by the scriber. 

Making the tool bit wider than the wall thickness of the test 
bar permitted a simultaneous comparison of the cutting edge 
before and after cutting since a short distance on either side of 
the active cutting edge was left unaffected. To assure centering 
of the '/.-in. pilot pin in the test tube, it was reamed with a 0.500- 
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in. reamer when mounted in the three-jaw chuck before the test 
was run. 


Discussion or Trsts 


A number of tests were run with test bars of aluminum, brass, 
and magnesium, each of which had an outside diameter of 1 in., 4 
center hole of 0.500 in. diam, and a length of 5in. A Rex high- 
speed tool bit, 5/;, in. square, with a 4-deg rake angle and an 8- 
deg relief angle was used first on aluminum and then on brass. 
An 8-lb weight was used to pull the chain. Spindle speed was 
590 rpm and gave a cutting speed of 140 fpm. The angle of the 
line made with the horizontal on the chart by the scriber was 
different for these two metals because of the varying rate of pene- 
tration of the tool. 

The same arrangement was used for cutting a test bar of Dow- 
metal except for a larger rake angle (14 deg) and an increased 
relief angle (12 deg). 

When cutting magnesium, the penetration was very fast at 
the start but stopped almost completely after approximately 
1 see because the ribbonlike magnesium chips interfered and 
packed solidly in front of the tool. This packing did not occur 
when magnesium was cut with the tool used for brass and alumi- 
num. 


CONCLUSIONS AND RECOMMENDATIONS 


There are several possibilities of error with this penetration 
test. It is questionable whether the feed is always positive, and 
some provision should be made to keep the spindle from being 
affected because of irregularities encountered by the cutting tool. 
The downward feed of the spindle must be checked carefully 
since any difference in the bearing friction affects the registered 
line on the recording paper. When the pilot pin is used in the 
tubular test bar, there is varying friction in different metals. 
This can be avoided by employing a twist drill as the test tool 
or a toolholder with two accurately ground cutting tips. The 
spindle should have a positive drive to prevent the belt from 
slipping. Disturbing chatter occurs unless the machine is sturdy 
and well mounted. 
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An Analysis of the Milling Process, 
Part Il—Down Milling 


By M. E. MARTELLOTTI,? CINCINNATI, OHIO 


The method of milling here described as down milling 
is compared with up milling on the basis of geometric 
characteristics such as length of tooth path, radius of 
curvature, thickness of the undeformed section of the 
chip, chip formation, character of the milled surface, 
power required in cutting S.A.E. 1112 steel and cast iron, 
and intensity of vertical and horizontal components of the 
cutting force obtaining for various depths of cut. Typical 
mechanical backlash-eliminating devices for the feeding 
mechanisms of milling machines to permit down-milling 
operations are described. Results obtained in actual 
application of down milling are given together with in- 
formation on cutter life and production. The analytical 
and factual data presented permit a comparison of the 
advantages and disadvantages inherent in both methods 
of milling. It is shown that the power required at the 
cutter not including the feed is slightly more in down 
milling than in up milling. The total power supplied to 
the machine, however, is slightly less in down milling than 
in up milling. Actual intensities of horizontal and ver- 
tical components of the forces on the cutting edge are 
given for both methods of milling. Down milling, known 
for many years but not generally used in milling opera- 
tions until recently, finds an ever-widening field of applica- 
tion. 


INTRODUCTION 


OR a number of years, up milling, also known as ‘‘con- 
ventional milling” and ‘‘milling against the feed,” has been 
used almost exclusively in milling operations, Fig. 1. Ip 

‘An Analysis of the Milling Process,’ by M. E. Martellotti, 
Trans. A.S.M.E., vol. 63, 1941, pp. 677-700. 

? Research Engineer, Cincinnati Milling Machine Company. 
Mem. A.S.M.E. 

Contributed by the Production Engineering Division and pre- 
sented at the Annual Meeting, Nov. 27—Dec. 1, 1944, of Tue Ameri- 
CAN Socrpry OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


this method, the workpiece is fed in the direction opposite to 
that of cutter rotation. 

Another method of milling, herein described as down milling, 
Fig. 2, and variously called “climb milling” and ‘‘milling with the 
feed,”’ known since the early 1880’s when it enjoyed a considerable 
popularity, has not been generally used in milling operations. 
In this method, the work is fed in the direction of cutter rotation. 

In recent years, however, down milling has received a great 
deal of attention. In some instances it has provided simpli- 
fication in fixture design and in the manufacture of parts difficult 
to hold properly. It also has generally improved the quality of 
machined surfaces, increased cutter life between grinds, provided 
smoother operation of the machine and higher production. 

In milling machines of the screw-feed type, down milling has 
been made possible by the development of adequate means for 
eliminating backlash between the lead screw and nut. If down 
milling is performed on milling machines not equipped with a 
backlash eliminator, the motion of the table will be unsteady and 
characterized by a series of jerks. Eventually this will lead to 
the building up of forces of high intensity between cutter and 
work, and damage to cutter and work with possible serious in- 
jury to the operator may result. 

A backlash eliminator alone, however, is not sufficient to secure 
positive control of the table. It is also necessary to eliminate 
play at the point where the screw is anchored to the table or 
understructure of the machine. 

Furthermore, the cutter must be keyed to the arbor and se- 
curely held thereon with a minimum of deflection, and every 
sliding member of the machine must be maintained in the closest 
sliding fit with its mating part. The machine should be kept in 
good repair, and every possible precaution should be taken in 
setting it up to insure safe operation. 

In up milling, owing to the existence of separating forces 
between cutter and work opposing the motion of the table rather 
than favoring it, these requirements are desirable but not neces- 
sary to insure a satisfactory operation of the machine. 


BackiasH ELIMINATORS 
Elimination of backlash involves a tight engagement between 
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the screw and the nut. There are various types of backlash 
eliminators, a few examples of which will be given. 
In order to minimize wear between nut and screw, a backlash 
eliminator should be in operation only during the working cycle 
and released during the idle movement of the table. A backlash ° 
eliminator having these characteristics, Fig. 3, consists of a nut Vy .. 
A, movable axially but prevented from rotating by a key ex- eas * -— WORK 


/ —CUTTER 


tending from cylinder head D, and a fixed nut C of conventional 
design. Oil under pressure operating on one end of nut A 
provides the necessary load on the screw B and fixed nut C to 
eliminate backlash in the direction of feed. r 

When the table is rapid-traversed in either direction or it is gee, meet} 
moved by hand, or when the machine is operated in up milling, | TZ LL 
a valve connects the two ends of the cylinder, eliminating the ] 
preload on nut C. The table then operates in the usual manner, Sale me Z, TT 

A backlash eliminator, controlled directly by the load change ‘ wes +f 4 
on the machine table, is shown in Fig. 4. This backlash elimi- epssj ~ i | 
nator consists of two nuts mounted for free rotation on the lead —— 
screw and connected by a crown gear, for opposite hand of 
rotation. A very light preload is applied on nuts A and B by a Y 9 
spring acting on a rack engaging a pinion on the crown-gear hub. RESERVOIR i pressune A 

The frictional torque, developed by the light preload between : 
the threads ef the screw and the nuts, is small and no undue Pic. 3) HyprauiicaLtty Operarep BackLasH ELIMINATOR 
effort is required on the part of the operator when operating the 
table manually. The preload, however, can be released when 
the table is operated by hand for long periods of time. 

When the table is moved by power, the frictional torque be- 
tween the threads of screw and nut A, for example, is increased 
by the thrust required to overcome the frictional resistance op- 
posing the table motion, and nut A is rotated in the direction of 
the screw, while nut B is rotated in the opposite direction. This 


ROTATING SCREW (B) 


reduces the frictional torque between the threads of nut B and cade : ———— 
lead screw, and nut A will operate as the ordinary driving nut. ’ r 
In up milling, when idle-feeding and rapid-traversing the SPRING FRONT OF SADDLE 
table, no change takes place in the position of the two nuts. In E 
down milling, the load shifts from nut A to B. The resulting HOUSING ; i PRELOAD RELEASE 
increase in frictional torque causes nut B to rotate with the RACK f _ FEED = TABLE 
screw, and to turn nut A in the direction which effects a tight crown bat} = - 
engagement of both nuts with the screw, thus eliminating back- Poe 
lash. 
The degree of tightness varies with the intensity of the cutting KN AN AMAA el 
force. When the load is off, the nuts A and B readjust them- ra | \ 4 


selves to the conditions obtaining when feeding idle. — 


These types of backlash eliminators are operative in either . 
KNEE 
KINEMATICS OF MILLING 


Fic. 4 ELIMINATOR, FOR APPLICATION TO 
Milled surfaces are generated w 2- Or iple- 
urta g ated with single- or multiple-tooth Leap Screw, AUTOMATICALLY OPERATED BY Forces DEVELOPED 


rotating cutters, which progressively remove from the workpiece Durina Work1nG Cycie or MACHINE 
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CONDITIONS 
SAME AS IN 
DOWN MILLING 


CONDITIONS 
SAME AS IN 
UP MILLING 


FEED 

hic. 5 Parn Generatep By A Toorr 

a predetermined amount of material in the form of small chips. 

The diversity of milling operations performed with innumerable 

types and sizes of milling cutters may be classified in the following 

groups: 

(a) Peripheral Milling. The milled surface is generated in a 
plane generally parallel to the axis of cutter rotation, as for 
example in milling with a helical mill. 

(b) Face Milling. 
angles to the axis of cutter rotation as in milling with face mills. 

‘‘Peripheral-milling” operations can be performed either in up 
milling or down milling, while in ‘‘face milling” the two methods 
are usually combined, since in general the feeding motion is 
partly with and partly against the direction of cutter rotation, 
Fig. 5. 


The milled surface is generated at right 


Paru GrNERATED BY A Tooru 
The path generated by a milling-cutter tooth in the process of 
removing metal from the workpiece is an are of a looped trochoid! 


of the following parametric equations, Figs. 6 and 7 


z= +ra+Rsina} 


y = (1 — cosa) \ 1] 


which by eliminating the parameter a can be reduced to the 
Cartesian form 
=rTrcos + (2Ry — y?)'/2 

R 
The plus and minus signs apply to up milling and down milling, 
respectively. In face milling, y is the width of cut. 

For any given condition, the tooth path can be reproduced by 
an arrangement similar to that shown in Figs. 6 and 7, by rotating 
the cutter in the direction of the arrow M. The pinion Q (at- 
tached to the cutter) rolls on the rack Z, and the cutting edge of 
the tooth (2) describes path AN’, Fig. 6, and AN, Fig. 7, which 
together with the paths generated by tooth (1) determine the 
undeformed section of the chip obtained in up milling and down 
milling, respectively. 

The feed rate is a function of the dimension of the pinion as 


expressed in the following relation 
. [3] 


By expressing the feed rate as a function of the feed per tooth 
F, inch (increment of feed per tooth), number of teeth 7’, and the 
revolutions per minute of the cutter 


F =F,Tn... 


and then combining Equations [3] and [4], the pinion radius r 
can be obtained from the given feed per tooth and number of teeth 
as follows 


[6] 


When this expression for r is substituted in Equations [1] or 
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{2}, it will be apparent that in peripheral milling, as well as in 
face milling, the important variables affecting the tooth path 
and, consequently, the undeformed section of the chip, are the 
feed per revolution F,, the cutter diameter or radius R, and the 
depth of cut d or y in peripheral milling, and the width of cut w 
or y in face milling. 

For values of F, used in practice, ris usually a small quantity, 
but it cannot be generally disregarded, however, without impair- 
ing the analytical accuracy of the derivations obtained when 
comparing the two methods of milling. If r is considered a 
negligible quantity, and is therefore eliminated from Equations 
{1] and [2], these become the equations of a circle, and the tooth 
path becomes an are of a circle with a radius equal to the cutter 
radius, which is not true in practice. Actually the radius of the 
tooth path or radius of curvature varies with the depth of cut and 
also with the radius R of the cutter and radius r of the pinion 
(or feed per revolution), as indicated in the following equation 


[r? + Rt 2r(R — 
(R—y) 


R, 


. {7}? 


= instantaneous radius of curvature, in. 
instantaneous value of depth of cut, in. 
radius of cutter, in. 
radius of pinion, in. 
up milling 
down milling 


From Equation [7], it will be found that under the same operat- 
ing conditions, the radius of curvature is greater than the radius 
of the cutter in up milling, while in down milling it is smaller 
than the radius of the cutter. Asa result, for given conditions, 
the generated tooth-path length is longer in up milling than in 
down milling. 


LENGTH oF TootH PATH 


The length of tooth path is a measure of the length of surface 
milled by a tooth in each engagement with the workpiece, but 
only a small fraction of this surface, approximately equal to the 
feed per tooth F,, is actually used, Figs. 6 and 7. 

In up milling, Fig. 6, when tooth (2) has completed the path 
AN’, it will remove the amount AN of the tooth path generated 
by tooth (1) and leave the amount AA which is equal to VN and 
to the feed per tooth. 

In down milling, Fig. 7, tooth (2), after completing its path, 
leaves on the workpiece an amount N’N of the surface milled 
by tooth (1), also equal to the feed per tooth. 

The feed per tooth is a small quantity in comparison with the 
actual length of tooth path, and it is therefore desirable for the 
economy of the operation to reduce the length milled by a tooth 
toa minimum. This can be done by proper selection of cutter 
diameter, feed per revolution, and method of milling. A reduc- 
tion in the total surface milled by each tooth produces a corre- 
sponding increase in cutter life which is affected by the amount 
of work done per tooth. 

The following expression of tooth-path length for ‘‘peripheral 
milling” (obtained from Equation [1}) is sufficiently accurate for 
values of feed per revolution, cutter diameter, and depth of cut 
used in practice 


(2Rd — d?)'/?... [8]! 

where 
L= 
3 See Appendix, section 1. 
4 See Appendix, section 2. 


tooth path length, in. 
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R = cutter radius, in. 
d = depth of cut, in. 
F, = feed per revolution, in. 


Equation [8] shows that the tooth-path length is longer in up 
milling (+) than in down milling (—). A saving therefore in th 
actual amount of surface milled can be obtained by using the latter 
method. In face milling, the tooth-path length is the sum of the 
length generated in up milling and down milling. 

When the width of cut is nearly equal to the cutter diameter 
the tooth-path length is 


90 R 


In this equation the width of cut w replaces the depth of cut d 
of Equation [8]. Owing to the compensation in tooth-path 
length between up milling and down milling, the saving obtained 
under comparable conditions in face milling is not as great as 
in down milling. 

A greater approximation in the evaluation of tooth-path length 
in face milling can be obtained by means of the following formula 
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which results from the use of sdditional terms of the series shown 
in the Appendix, section 2 


r? R—w/2 
ire) 


R 


L= (r? + 


This indicates that a shorter tooth-path length than that given by 
Equation [9] may be obtained at high feeds per revolution. Cal- 
culated values of tooth-path length versus feed per revolution, 
cutter diameter and depth of cut for given conditions in pe- 
ripheral milling are shown in Figs. 8, 9, and 10. 

The difference in tooth-path length between up milling and 
down milling is usually small, but when the total number of tooth 
engagements and number of pieces milled are considered, the 
saving in milled surface may be considerable. For example, 
if the length to be milled on a workpiece is 12 in., the feed per 
revolution 0.200 in., the depth of cut !/, in., and the cutter used 
is a 10-tooth, 4-in-diam, plain milling cutter, the number of 
engagements per tooth per piece is (12 + 0.20 60). From 
Fig. 8, the length of tooth path in up milling and down milling, 
corresponding to a feed per revolution of 0.200 in., is 1.024 and 
0.993 in., respectively, and the difference in surface milled per 
piece in favor of down milling is 


(1.024 —- 0.993) 60 = 1.86 in. 


If the number of pieces to be milled is 100, a total saving of 186 
in. will be obtained, by using the down-milling method. 
Greater savings can be obtained with either milling method by 


UP MILLING 
DOWN MILLING 


TOTAL LENGTH MILLED PER PIECE — INCH 
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using a cutter of smaller diameter. If the 4-in. cutter is re- 
placed with a 3-in-diam cutter, the tooth-path lengths (up 
milling) are, respectively, 1.430 in. and 1.245 in., Fig. 9, and 
the saving per piece in favor of the 3-in-diam cutter is 


(1.430 — 1.245) 60 = 11.10 in. 


or 1110 inches, per 100 pieces milled. 

Similar analysis can be made for the depth of cut. This 
should be kept as small as possible in relation to design and 
method of fabrication of the part being milled. 

A modification of Equation [8], giving the total length Lr; 
(inches) of milled surface corresponding to N, parts, L, inches 
long, milled at cutting speed C feet per minute, and feed rate 
F inch per minute, is the following 


R—d (2Rd — 
> 
R 2rR 


—— eos~! 


30F 


Lr = 


The plus sign applies in up milling and the minus sign applies in 
down milling. The graphic relationship between Lz, F, and C 
when N, 1 is shown in Fig. 11. From an inspection of this 
chart, the following conclusions may be drawn: 


1 For any given cutting speed: 

(a) As the feed rate is increased, the length of surface milled 
per tooth and per piece decreases. 

(b) In down milling, a progressively shorter surface is milled 
than in up milling. 
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Fig. 12) Up-MILLING 


(Material, S.A.E. 1112; feed rate, 6'/4 ipm; depth of cut, !/s in.; cutter, 
plain milling cutter, 10 T, 4in. diam; cutting speed, 40 fpm. Magnification 
x43.) 


2 For any given feed rate: 

(a) As the cutting speed is increased, the length of surface 
milled per tooth and per piece increases. 

(6) The difference in surface milled in favor of down milling 
decreases. 

3 The length of surface milled per piece and per tooth can be 
maintained constant by changing both the cutting speed and the 
feed so that their ratio remains constant. 

4 Down milling shows a greater saving in milled surface at 
higher than at lower feed rates. 


Cuip THICKNESS 


A comparison of Figs. 6 and 7 reveals that the undeformed 
chip section in up milling is more elongated and, on the average, 
thinner than in down milling, although the areas are the same in 
both cases. The cross sections of two complete milling chips, 
obtained under identical conditions, are shown considerably 
enlarged in Figs. 12 and 13, respectively. 

It is also confirmed by the fact that the average chip thick- 
ness, 1.e., the ratio between the area of the cross section and the 
length of tooth path, is greater in down milling than in up milling 
because the tooth-path length is shorter in down milling than 
in up milling, Fig. 14, namely 


For a given depth of cut, the maximum chip thickness is also 
greater in down milling than in up milling, and the difference 
between the values of ty and tp, obtained in up milling and down 
milling, increases with the feed per revolution. 
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The maximum chip thickness is the portion AD, of the radial 
line R, (normal to the tooth path) included between the paths o! 
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Assuming AD, = AD, Fig. 15, from the 
triangles FEA and ABD, the following relation is obtained 


two consecutive teeth. 


1 
tu.p =F 13 
(R * r)? + 2rd 

In the denominator, the upper signs apply in down milling and 
the lower signs in up milling. 

Since each of the maximum thicknesses, (; and tp Is a fune- 
tion of depth of cut, cutter radius, and feed per revolution, it is 
a truer indication of the tooth load than the feed per tooth. 
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If the feed per revolution is kept constant, the maximum 
thicknesses ty and tp increase as the diameter of the cutter is 
decreased, Fig. 16. In order to maintain ty and tp constant with 
a change in cutter diameter, the feed per revolution should be cor- 
respondingly increased. Since the feed per revolution is equal to 
the feed per tooth times the number of teeth, this can be accom- 
plished by increasing the feed per tooth or the number of teeth, 
or both. 
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Quauiry oF FiIntsH oF SURFACES 
Quality of finish of a machined surface is generally affected by: 


1 ‘Toolmarks, which depend on the the 


machining process used. 


geometry of 


2 Marks of microscopic dimensions resulting from the plastic 
flow of the material during the formation of the chip. 

Toolmarks: Tooth and Revolution Marks. In up milling, 
tooth marks such as A, Fig. 6, result from the engagement of a 
tooth with the work material. In down milling, a similar mark 
N’, Fig. 7, is generally produced which is the outline of the inter- 
section of the plane of shear with the surface of the work along 
which the material of the chip yields prior to severance from the 
work, Fig. 13. In down milling, therefore, an element of the 
machined surface is generally not produced by the direct action 
of the cutting edge on the work material, as in the case of up 
milling, and the quality of the machined surface is affected by 
the type of chip obtained. Under certain conditions, however, 
definite marks are produced on a surface generated in down 
milling, Fig. 17. 

A milled surface therefore may be generally considered as the 
result of innumerable elements of the tooth path of a length ap- 
proximately equal to the feed per tooth. The uniformity of 
the spacing depends on the location of the points such as AA’ 
and NN’, Figs. 6 and 7, where the teeth intersect the path 
generated by the preceding teeth. 

Any variation in the instantaneous radius of curvature of the 
tooth path, Equation [7], will affect the width and the depth of 
the tooth marks. 

Within the range of tooth path determined by the feed per 
tooth and forming an element of the finished surface, the radius 
of curvature is maximum in up milling and minimum in down 
milling, hence a flatter are of trochoid will be obtained in up 
milling than in down milling. On this basis a better finish will 
result in up milling, since the height h, between the cusps corre- 
sponding to the tooth marks and the point O, is less in up milling 
than in down milling, as shown by the following equation 


R F, 
h= 
8\R =r 
where h = height of tooth mark above point O of lowest level, in. 

The value of A for the case shown in Fig. 17, in which a 0.118-in. 
feed per tooth, and an 8-tooth 3.894-in-diam plain milling cutter 
were used, is 0.000775 and 0.00105 in. for up milling and down 
milling, respectively. The actual readings are plotted in Fig. 18. 
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DOWN MILLING 


Fie. 17 


In addition to the tooth marks, a surface milled with a plain 
milling cutter may show periodic variations having a wavy 
appearance, and recurring with the frequency of the cutter 
revolutions per minute. The amplitude or height of the revolu- 
tion mark is a function of the eccentricity of the cutter and arbor, 
the tooth marks, the so-called “thigh tooth,’’ and the periodic 
variation in the deflection of the arbor, caused by the presence of 
the keyway and possible uneven conditions on the arbor supports. 
These various conditions are graphically reproduced in Fig. 19. 
In the case shown in Fig. 18, the average height of revolution 
mark is 0.004 in. and 0.0045 in. in up milling and down milling, 
respectively. The tooth marks follow the undulation of the 
revolution marks. The presence of one or the other or both 
types of marks alters the geometric conditions of the surface and, 
consequently, the quality of finish. 

The height of the tooth marks can be reduced by increasing 
the radius of the cutter and decreasing the feed per tooth. The 
revolution marks can be prevented by grinding the cutter teeth 
within close limits and making sure that the runout of the cutter 
and arbor is reduced to the lowest possible value. In down 
milling, there is the additional advantage that both revolution 


Toora Marks Propucep on a MILLEp Surface tn Up anp Down MILLING 
(Material, brass: plain milling cutter; 3.894 in. diam, 8 T, 38 rpm; helix angle, 35 deg; feed rate, 35 ipm; depth of cut, '/32 in. 


Magnification x6 
and tooth marks are usually obliterated by the material of the 
chip vielding in almost tangential direction as the tooth ap 
prosches the finished surface of the work. The finished surface 
has a dull appearance, free from the characteristic paralle! 
markings of a surface produced in up milling. 

Marks Produced in Formation of Milling Chip. The deteriora- 
tion of a milled surface along the tooth path for up milling and 
down milling is shown in Figs. 20 and 21, respectively. 

For a short distance after the cutting edge contacts the work. 
the surface machined by both methods is shiny in appearance and 
of uniformly good finish. The extent of this surface depends 
on the material being cut, chip thickness and rake angle, 
and also on the presence on the cutting edge and adjacent 
surfaces of a film of molecular dimensions which prevents the 
chip material from bonding to the tooth and forming the built- 
up edge. 

The wiping action of the chip and the temperature of cutting 
soon reduce the effect of this film and the built-up edge begins 
to form. Fragments of built-up edge are periodically sloughed 
off as the tooth continues in its travel through the work, and are 
found on the milled surface. 
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hia. 18 Acruat Vatues or Toota anp REVOLUTION MARKS ON 
A MILLED SURFACE | 


Material, brass; plain milling cutter, 8 T, 3.89 in. diam; 38 rpm; helix 
angle 35 deg; feed rate, 36ipm; depth of cut, !/s2 in.) 


In up milling, the element of smooth surface produced at the 
heginning of chip formation is an element of the final surface. 
This condition insures a surface of generally good finish and free 
irom fragments of the built-up edge. 

In down milling, an element of the final surface is produced 
when the built-up edge is fully developed, hence the surface, 
owing to the presence of fragments of built-up edge, is rougher 
and of a poorer quality than that produced in up milling. This, 
however, is not generally true, particularly when the surfaces of 
different kinds of work materials are compared, Fig. 22. 

The quality of surface finish also may sometimes be affected 
by chip fragments adhering to the teeth and being dragged into 
the work in subsequent engagements. 


ANGLE uF APPROACH 


There is a fundamental difference between the two methods of 
milling in the manner in which a tooth engages the work. In 
down milling, a tooth engages the work on the unmachined or 
rough surface of the workpiece at a distance equal to the feed per 
‘ooth from the path generated by the previous tooth and, after 
forming a chip leaves the workpiece in an almost tangential 
direction. In up milling, a tooth engages the work in a 
nearly tangential direction on the surface milled by the previous 
tooth, and at a distance from the point of engagement of the 
previous tooth equal to the feed per tooth, Fig. 23. However, 
the point where contact actually begins is indefinite, owing, for 
example, to variations in center distance of the teeth. It is also 
evident that the thickness of the chip in the early stage of chip 
formation in down milling is considerably greater than in up 
milling, Figs. 24 and 25. 

The relative conditions of tooth engagement in up milling and 
down milling are affected by the variables of the cut, as indicated 
by the value of the angle g, Fig. 23, made by the tangent to the 


tooth path with a line parallel to the milled surface and given by 
the following formula 
2n(2Rd — 


t. 
an 2e(R — d) = FP 


The negative sign in the denominator applies in down milling, 
and the positive sign in up milling. 

For a given cutter diameter, the angle q in down milling 
changes with the feed per revolution and depth of cut. With 
a constant depth of cut, the angle q increases with the feed 
per revolution. This effect, however, is usually small. With a 
constant feed per revolution, g varies with the depth of cut, 
and large values of g may be obtained when the depth of cut 
is great. At the point of tooth contact with the work, q has 
always a definite and relatively large value in down milling, 
while in up milling, g is very small, Fig. 23. 

From this, it follows that in down milling as a tooth begins to 
cut, the load, being generally normal to the cutting edge, pro- 
duces compressive stresses on the cutting material, while in up 
milling, on account of the nearly tangential direction of tooth 
engagement with the work, bending stresses result on the cutting 
edge of the tooth. 

The load conditions in down milling are particularly advan- 
tageous when using high feed rates and in high-speed milling. 
in this case, the carbide material can more favorably resist the 
destructive effects of the cutting force. 

It should be remembered, however, that in down milling the 
angle qg is not constant. It varies with the depth of cut and 
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UP MILLING 


A, Final Surface; B and C, Middle of Tooth Path; D, End of Tooth Path 


Fic. 20 PHOTOMICROGRAPHS SHOWING CHANGE IN QUALITY OF MILLED Surrace ALONG Tootn Para in Up MILLING 


(Material, S.A.E. 1112; feed rate, 6!/;ipm; depth of cut, !/sin.; plain milling cutter, 4 in. diam, 10 T, cutting speed, 40 fpm; cutting fluid, soluble 
oil and water; photomicrographs *100, workpiece 8.) 
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ay 
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DOWN MILLING 


A, Beginning of tooth path; Band C, Middle of tooth path; D, Final surface 


Fic. 21. PHoromicRoGRAPHS SHOWING CHANGE IN QUALITY OF MILLED SurFace ALONG Toots 1N Dow’ MILLING 


(Material, S.A... 1112; feed rate, 64/, ipm; depth of cut, '/s in.; plain milling cutter, 4in. diam, 10 T; cutting speed, 40 fpm; cutting fluid, soluble 
oil and water; photomicrographs 100, workpiece <8.) 
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SAE 3115 


STAINLESS STEEL 
DOWN 


Fig. 22 
(Materials, S.A.E. 3115 steel, stainless steel, ‘“‘Rezistal;” 


3 ipm; plain milling cutter, 4 in. diam, 10 T; cutting speed 63 fpm. 
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DURALUMIN 
MILLING 


QUALITY OF SURFACES OBTAINED IN Up AND Down Mituine Various Kinps or Work 


cutting fluid, soluble oil and water; depth of cut, '/isin.; width of cut, '/« in.; feed rate 
Materials, duralumin, brass, cut dry; depth of cut, '/i¢ in.; 


width of cut, '/« 


in.; feed rate, 61/4ipm; plain milling cutter, 4in. diam, 10 T; cutting speed, 230 fpm.) 


UP MILLING 


Fic. 23 


although it may be the same in any given job, it will be different in 
different jobs. The minimum value of q, occurs at the point where 
the tooth leaves the work. At this point the value of d in [15] 
is equal toh, Equation [14]. The change in depth of cut causes 
wide variations in the angle m = 90 — q + O, included between 
the face of the tooth and the rough surface of the work. There- 
fore, proper consideration should be given to its value in order to 
limit the intensity of tooth impact, which depends upon the rate 
of increase of the chip thickness to its maximum value. This 
is especially important when using small-diameter milling cut- 
ters in deep cuts. If the angle m is too small, the intensity of 
the impact may be sufficient to break the cutter. A certain de- 


DOWN MILLING 


ANGLE OF APPROACH, RAKE AND CLEARANCE ANGLES IN Up MILLING AND Down MILLING 


gree of control of tooth impact may be obtained by increasing 
rake angle O, or reducing the feed rate, or both. 

In up milling, q is small at the point of tooth engagement 
with the work, and it can be considered to remain practically 
constant under all conditions (the depth of cut being at this point 
equal to h, Equation [14]), although it varies somewhat with the 
feed per revolution. The maximum depth of cut has no effect 
on the value of q, except in the initial stages of tooth engagement 
with the work, where q; assumes the maximum value qi, corre- 
sponding to the maximum depth of cut d. In up milling the 
angle m = 99 —q + O therefore is large and nearly the same 
in every job. This produces uniform conditions of tooth engage- 
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Fic. 24 PHOTOMICROGRAPH 
AND CuHIp aT BEGINNING 
or Cut in Down MILLING 
Material, S.A.E. 1112 steel, 50; 
feed rate, 6'/sipm; depth of cut, '/s 
in.; plain milling cutter, 4 in. diam, 
; cutting speed, 40 fpm; cutting 

fluid, soluble oil and water. 


APPROX. POSITION OF ' 
BEGINNING OF CHIP 


Fic. 25 0! 
AND aT BEGINNING 
or Cur in Up MILLING 
(Material, S.A.E. 1112 steel, X50); 
feed rate, 6'/4 ipm; depth of cut, !/s 
in.; plain milling cutter, 4 in. diam, 
10 T; cutting speed, 40 fpm; cutting 
fluid, soluble oil and water. 


“WORK 
Fic. 26 ANGLE or APPROACH IN Face MILLING 


ment, furthermore the gradual increase of chip thickness results 
in a considerable reduction in tooth impact. 

In face milling the value of the angle of approach gq is greatly 
influenced by the relative dimensions between cutter diameter 
and work width, and also cutter location with respect to the 
work. If for example, the cutter diameter is slightly larger 
than the work width, the angle q is small, but a large value 
of q may be obtained if the cutter overlaps the work, Fig. 26. 
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The angle q can be obtained from Equation [15] by substituting 
for the depth of cut d the amount which the cutter overlaps the 
work on the side which the tooth enters the work. 


RELATIVE VELocIty ALONG Toorn PATH 


The relative velocity along the tooth path is given by the fol- 
lowing expression 


V = 2en((R + r)? 


The upper signs apply in up milling and the lower signs in down 
milling. In practical milling applications, the relative velocity 
V is nearly equal to the peripheral speed of the cutter. Equa- 
tion [16], however, indicates that V varies with the position of 
the tooth on the tooth path as given by y. 

In up milling when the tooth enters the work and the depth of 
cut is nearly zero, V assumes a maximum value, which decreases 
as the tooth progresses along the tooth path. In down milling, 
V has a minimum value when the tooth leaves the work and 
somewhat higher value when the tooth enters the work. 


RAKE AND CLEARANCE ANGLES 


In milling, both the rake and clearance angles vary along the 
tooth path. The rake angle O, is the angle determined by 
the tooth face and the normal to the tangent at the tooth path at 
the point being considered. This angle may be called the actual 
rake angle. It is the sum of the rake angle O, normally provided 
on a milling cutter, and the angle b, which can be obtained from 
the following expression, Fig. 23 
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Since 6 is a small angle, the sine of the angle can be assumed equal 
to the are, hence 


b = sin“! 


{17} 


[18] 
2 my Fd 
2rR \ (i 
and 
180 F(2Rd — 19] 


\ 
Qn 


In the denominator, the lower signs apply in down milling, and 
the upper signs in up milling. The negative sign of O is used 
when O is negative. 

In up milling, at the beginning of tooth engagement with the 
work, the actual rake angle is nearly equal to O and increases to 
a maximum OQ, when the tooth leaves the work. In down milling, 
the actual rake angle is a maximum at the beginning of tooth 
engagement, and a minimum nearly equal to O when the tooth 
leaves the work. 

The minimum clearance angle at any point of the tooth path 
is the angle 6 included between the cutter radius and radius of 
curvature. If the path were circular, the radius of curvature 
R, would coincide with the radius FR of the cutter, and the angle 
b would be zero. The minimum clearance can be calculated 
from Equation [18]. 

The actual clearance angle e; at any point of a tooth path is 
the difference between the clearance angle e ground on the flank 
of a cutter tooth and the minimum clearance angle b 

180 F,(2Rd — d?)'/? 


2rR + 
\ 
except at the beginning of the tooth path in up milling and at 
the end of tooth path in down milling where the actual clearance 
angle is the sum of e and b, Fig. 23. 

In up milling therefore at the beginning of chip formation, the 
actual clearance angle e; is equal to the given clearance angle e. 
As the tooth assumes different positions along the tooth path, the 
actual clearance angle e, decreases, and rubbing on the flank of 


the tooth will eventually result, if the depth of cut is such as to 
make the minimum clearance 6 greater than the given clearance 
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(Material, 8.A.E. 1112 steel; cutting fluid, solubie oil and water; width of 
cut, 4 in.; plain milling cutter, 4 in. diam, 8 T; cutting speed, 60 fpm.) 
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MAY, 1945 
In down milling, the actual clearance e; is a minimum 
at the beginning of the chip formation and a maximum near) 
equal to e when the tooth leaves the work. 

Thus under identical cutting conditions, the actual rake angle 
O; is greater in down milling than in up milling, while the actua! 
clearance angle is greater in up milling than in down milling 
In order to avoid interference and rubbing on the tooth flank 
it is necessary to provide a clearance angle greater than thi 
maximum value of the angle b. 


angle e 


Power REQUIRED IN MILLING 

In order to determine the power required in up milling and 
down milling, blocks of S.A.E. 1112 and cast iron were milled 
with an 8-tooth 3?9/3:-in-diam plain milling cutter. Two ma- 
chines were used, one being provided with independent motor: 
for the spindle and feed drive, while the other was a standard ma 
chine driven by an electric dynamometer which replaced tly 
regular motor. 

With the first machine, the power required by the spindle and 
feed drive was measured separately, while with the second ma- 
chine was measured the total power consumption. The dats 
obtained in these tests indicate the following: 

1 The total power input into the machine, corresponding tv 
given values of feed rate and different depths of cut is higher in 
up milling than in down milling, Figs. 27 and 28. 

2 The efficiency of metal removal, measured in cubic inche- 
per minute per horsepower, and based on the net power input 
to the machine (including the power for the feed drive), is highe: 
in down milling than in up milling, Figs. 29 and 30. 

3 The power required by the cutter alone is higher in down 
milling than in up milling, Fig. 31. 

4 The power required by the feed drive is higher in up milling 
than in down milling, Fig. 32. 

The foregoing results may be explained as follows: 

In down milling, the component of the cutting force, acting 
parallel to the table and in the direction of the feed, helps to 
propel the table, thus producing a corresponding decrease in thi 
power required to feed the table. In up milling, the component 
of the cutting force, acting parallel to the table but against the 
direction of the feed, causes a proportional increase in the powe: 
required to feed the table, Fig. 32. 

The higher power required by the cutter in down milling may 
be attributed to the fact that the thickness of the chip is greater 
in down milling than in up milling, Figs. 14 and 15. When the 
power input to the machine is considered, however, this differ- 
ence is not sufficiently great to compensate for the reduction in 
the power used in the feed drive, and the final result is a lower 
power and correspondingly a higher efficiency of metal removal 
in down milling than in up milling. 
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(Material, cast iron, cut dry; width of cut, 4 in., plain milling cutter, 4 \". 
diam, 
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Pia. 20 of Metrart Removant in Up ann Down S.A.E. 1112 STEEL 


(Cutting fluid, soluble oi and water; cutter, plain milling cutter, 4in. diam, 8 T: width of eut, 4 in.: cutting speed, 60 fpm. 
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Fig. 30.) Errtctency or Metat Removat In Up MILuInG AND Down MILutnG Cast [Ron 
(Cut dry; plain milling cutter, 4 in. diam, 8 T; width of cut 4 in.; cutting speed, 60 fpm.) 
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Fic. 3l(a) Net Power REQUIRED AT THE SPINDLE Versus FFED 
Rate, INcHES PER MINUTE, IN Up MILLING AND Down MILLING 
(Material, S.A.E, 1112 steel; cutting fluid, soluble oil and water; plain 
milling cutter, 5 in. diam, 8 T; 5 in. width of cut; cutting speed, 80 fpm.) 


Fic. 31(b) Ner Power ReQuiRED aT THE SPINDLE VERSUS FEED 
Rate, INcHEsS PER MINUTE, IN Up MILLING AND Down MILLING 


(Material, cast iron, cut dry; width of cut, 4 in.; plain milling cutter, 
4 in. diam, 8 T; cutting speed, 60 fpm.) 


Horizontal and Vertical Components of Cutting Force. The 
horizontal and vertical components of the cutting force were 
measured by calibrating with known loads the structure of the 
milling machine on which these tests were conducted. 

A combination of plain right- and left-hand-helix milling 
cutters was used to neutralize the axial thrust. 

From the data shown in Fig. 33, it is apparent that comparable 
intensities of the horizontal component are obtained in both 
methods of milling. The vertical component, however, is small 
in up milling, its intensity tending to decrease as the depth 
of cut is increased. A reversal in the direction of the vertical 
component may occur when the depth of cut is great. This may 
result in lifting the workpiece out of the fixtures in some milling 
operations requiring deep cuts. 

In down milling, there is no reversal of the vertical component 
as the depth of cut is increased. Actually the intensity of the 
vertical component increases with the depth of cut, thus helping 
to keep the workpiece securely in its fixture. 

The forces acting near and along the cutting edge of a milling- 
cutter tooth and the chip being formed can be assumed to be 
represented by a force N normal to the face of the tooth and a 
frictional force F acting along the face of the tooth opposing the 
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Vic. 32. Horsepower Input To Tar Freep Drive Versus Frep 


Rate, INcHES PER MINUTE, IN Up MILLING AND Down MILLINi 


(Material, cast iron, cut dry; width of cut, 4 in.; plain milling cutter, 
4 in, diam, 8 T; cutting speed, 60 fpm.) 


flow of the chip. The resultant R of these forces is the forc: 
required to form a chip, Fig. 34. The projection 7’ of the re- 
sultant along the tangent and at anv point of the tooth path 
multiplied by the velocity at that point is the power required 
to form a chip at that point. 

The conditions obtaining in up milling and down milling wit! 
positive and negative radial rake angles are expressed in tl. 
following relation 

TV = Reos(f = O)V.. 
where 
V = instantaneous velocity obtained from Equation [16 
Fg angle of friction measured between R and NV 


The = signs apply with negative and positive rake angles, rv- 
spectively. 

Since the projection of the resultant is equal to the sum of (1x 
projections of the components, Equation [21] can be writte: 
as follows 


TV = (N cos O, * F sin 


(— sign for negative and + sign for positive rake angles) 

It can be seen that when the rake angle is negative, the fric- 
tional force F, which is always opposed to the motion of the chi; 
along the face of the tooth, provides a component along tl. 
tangent which tends to reduce the power required to form a chip 
This also indicates that if the power consumed and the frictions. 
force are assumed to be the same, then the force N is higher wit! 
negative than with positive rake angles. With negative rah 
angles, a reduction in the frictional force will increase the power 
consumed if a corresponding reduction does not take place in the 
normal force N. 


Resutts OBTAINED IN DowN-MILLING APPLICATIONS 


The characteristic difference between the two milling methods 
has been found particularly advantageous in various classes o' 
work. It is often possible to use a substantially higher feed rate 
in down milling than in up milling with a corresponding increase 11: 
production as, for example, milling the sides and bottom of the 
cast-iron part shown in Fig. 35. In up milling, the maximum 
feed rate that could be used to avoid the cutter lifting the work 
out of the fixture, was 3'/sipm. By changing to down milling, 
the feed rate was safely increased to 73/, ipm. 

A considerable increase in cutter life was recorded in milling 
the cast-iron part shown in Fig. 36. This operation consists 1" 
milling from solid the top, sides, and bottom surfaces of the T- 
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Down MILLING 


(Material, S.A.E. 1112 steel, Brinell hardness, 163; cutting fluid, soluble oil and water; width of cut, 4 in. plain left- and right-hand milling cutter, 4 in. 
diam, 10 T.) 
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Fic. 35 Setrop Usep 1n Down MILuinG a Cast-IRoN PART ON 
Macuine Equiprep W1TH BacKLasH ELIMINATOR 
(Material, cast iron; operation, straddle-milling sides, peripheral-milling top 
and bottom. Down milling permitted increase in feed rate from 3!/s ipm 

to 7!/4ipm, thus production was increased 116 per cent.) 


section. The number of pieces per grind was 93 in up milling, 
and 156 in down milling, with an increase of 68 per cent in cutter 
life between grinds. 

In milling parts made of S.A.E. 4150, Brinell hardness 190-210, 
the life of the interlocking slotting cutters with a 20-deg radial rake 
angle was from 2 to 3 times that obtained with cutters having 
a 10-deg rake angle, and with a considerable saving in the actual 
power consumed, The reduced work of deformation of the chip 
and lower temperature at the cutting edge permitted also an 
increase in cutting speed from 40 to 100 fpm, which for the same 
feed per tooth gave a corresponding increase in production rate. 

Down milling is also used successfully in milling turbine blades, 
since among other advantages, it produces a milled surface, free 
from revolution marks, which can be easily and quickly polished. 

Thin slotting cutters and saws have less tendency to deflect 
sideways when used in down milling. 

In high-speed milling, down milling provides a better load 
condition and, consequently, an increase in the resistance of 
carbide tips to the destructive effects of the cutting force. 

In down milling, however, the cutting edge begins to cut on the 
rough surface of the work and the presence of sand or scale is 
detrimental to cutter life. In up milling, the cutting edge engages 
the workpiece on the surface milled by the previous tooth, and 
the condition of the outer surface of the workpiece has generally 
no appreciable effect on cutter life. 

In down milling the danger of the work being dragged under 
the cutter is also present. If this occurs, expensive cutters, 
fixtures, and the machine itself may be seriously damaged, and 
the operator exposed to injury. It is therefore important to 
make sure that every possible precaution has been taken in 
setting up the machine and that the machine is kept in good 
repair. 


CONCLUSION 


From the data presented in this paper, the respective ad- 
vantages of both methods of milling are summarized as follows: 


Fic. 36 Serure Usep Down MILLING FROM Souip T-SecTION 
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(In this job, cutter life was increased 68 per cent by changing from up tv 


down milling.) 


can be easily polished. 
Lower power consumption 
which permits increased 
metal removal of the ma- 
chine for a giveh motor 
capacity. 

Smoother operation of the 
machine; less tendency to 
chatter. 


Use of larger positive rake an- 
gles with high-speed steel cut- 
tera which lessen work of de- 
formation on material of 
chip, lower cutting tempera- 
ture and longer tool life; 
better load condition on 
carbide tips in high-speed 
milling. 

Higher cutting speeds and 
feeds. 

Less surface milled per piece. 


and work. 

Less wear on screw and nut 
threads due to absence 0! 
preload. Repair and_ re- 
placement of parts not as 
frequent. 

Looseness in moving parts 
not detrimental to cutting 
action and performance oi 
machine. 

Fragments of built-up edge 
absent from milled surface 
Life of cutter not affected 
by scaly or sandy surfaces. 
Tooth engagement wit! 
work generally the same on 
all jobs, and remote possi- 
bility of cutter breakage 
due to variation in dept! 
of cut. 


Down milling has increased the usefulness of the milling process 
and is finding an ever-widening field of application. 


The selection of one or the other methods of milling, however. 


should be dictated by a proper consideration of the job on hand 
and the various factors contributing to its economic production 


Appendix 


1 Rapius or CURVATURE 


Substituting in the following expression for the radius of 


curvature 


Down MILLING 
Possibility of simplified fix- 
tures, and of milling parts 
that cannot be easily held. 
Milled surface not affected 
by revolution marks, and 


Up MILLING 


Does not require backlash 
eliminator. 


Safer operation due to sepa- 
rating forces between cutter 


in the numerator and denominator, the expression obtained from 
Equation [1] results 
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and Equation [1] 32, 48 


dL = (Rh? + 73)'/4 2rk The upper signs apply in up milling and the lower signs in down 
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Plastics at Eleva 


To augment the small amount of published data on the 
creep properties of thermosetting materials, the authors 
undertook a study of the behavior of molded phenolic plas- 
tics at approximately 192 F. Tension creep data are re- 
ported up to 1000 hr, and recovery data up to 250 hr. 
Modulus-of-elasticity values were obtained at the begin- 
ning and end of the 1000-hr tests. Studies included the 
effect of moisture content on creep properties. 


INTRODUCTION 


OLDED phenolic plastics have long been used in applica 
tions where stability at fairly high temperatures is of 
prime importance. Numerous studies have been made 

of the effects of different temperatures on such physical proper- 

lies as tensile strength, flexural strength, compressive strength, 
shear strength, modulus, ete., with one exception. Com- 
paratively little has been done to increase our fund of information 
on the creep properties of thermosetting materials. The papers 
which have been published on this subject cover only «a small 
range of stress values and are on tests of fairly short duration. 

Practically no data exist on the creep of phenolics at high tem- 

peratures 


The work reported herein was undertaken to complement 
the investigation previously reported by Telfair, Carswell and 
Nason, (1),* and to obtain a more definite understanding of the 
behavior of phenolics at high temperatures. The research re- 
ported here concerned itself with the behavior of molded phenolic 
plastics at approximately 192 F. 

Tension creep data up to 1000 hr are reported, with recovery 
data up to 250 hr. Values of modulus of elasticity were obtained 
at the beginning and end of the 1000-hr tests. 
on creep properties was studied. 


Effect of moisture 


DETAILS OF INVESTIGATION 


\Vatervals. ‘The materials investigated included molded phenol- 
ies with wood flour, chopped canvas (rag), cotton cord, asbestos, 
and mica fillers, unfilled phenolic resin, and two types of paper 
laminate (both cross-laminated). The filied materials contained 
approximately 50 per cent phenol-formaldehyde resin and 50 per 
cent filler, with the exception of the asbestos-filled material, which 
contained approximately 40 per cent resin, 45 per cent asbestos 
filler, and 15 per cent wood-flour filler (to improve molding prop- 
erties), 

The wood-flour-, asbestos-, and mica-filled molding com- 
positions were prepared by rolling the resin and filler in the usual 
manner for the preparation of general-purpose phenolic molding 


‘ Research Engineer, Plastics Division, Monsanto Chemical Co., 
Springfield, Mass. Jun. A.S.M.BP. 

? Physicist, Plastics Division, Monsanto Chemical Co., Springfield, 
Mass. 

* Numbers in parentheses refer to the Bibliography at the end of the 
paper. 

Contributed by the Rubber and Plastics Division and presented 
at the Annual Meeting, New York, N. Y., Nov. 27—Dee. 1, 1944, of 
Tue AMERICAN Society OF MECHANICAL ENGINEERS. 

Norsz: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


Creep Properties of Molded Phenolic 


By W. J. GAILUS! ano DAVID TELFAIR? 


ted ‘Temperatures 


compositions. The cotton-cord and chopped-canvas fillers were 
blended with the resin in a wet-mix process. The wet resin filler 
was dried and the resin further polymerized to give a moldable 
composition. A special technique was developed to produce 
satisfactory molding powder for specimens of pure resin com- 
pound, 

Specimens. Standard A.S.T.M. (638-42) tensile specimens of 
these materials were compression-molded, using approximately 
a 10-min cure at 165 C and a pressure on the specimen of ap 
proximately 4000 psi. The specimens were cooled to below 85 C 
before removal of pressure. The paper-laminate specimen= were 
machined from sheets supplied by the Forest Products Laboratory 
of Madison, Wis. The sheets were made of high-strength paper, 
cross-laminated, using two different phenolic resins. | 

Baldwin Southwark SR-4 strain gages were mounted on op- 
posite sides of each specimen with phenolic cement. “])ummy”’ 
specimens, for use as the balancing arm in the Wheatstone- 
bridge circuit, were made up in the same manner. In addition, 
special ‘‘standard’’ dummies were made by mounting SR-4 gages 
on unglazed procelain. 

Definitions. The 


“delayed deformation,” “elastic recovery,” 


terms “elastic deformation,” or 
“delaved recovery,” 
and ‘permanent set’? were defined and illustrated in the earlier 
paper (1). It may be well for the reader at this point to refer to 
Fig. 1, which illustrates the meaning of the additional terms 
“shrink,” “effect of stress,” 


in this paper. 


and “behavior,” as they will be used 


+ 

COPAPOMEN TS 

UNDER Land EFFECT OF STRESS - 

100 #00 800 000 400 


TIATE POUR. 


Fra. 1 


Testing Equipment and Procedure. A special technique was 
developed to study the creep phenomena at this temperature 
(192 F). The electrical-measuring system used is shown as a 
circuit diagram in Fig. 2. More detail concerning the testing 
equipment may be found in the earlier paper (1). 

With this setup, it was possible to obtain: (a) Effect-of-stress 
data; all effects of thermochemical reaction within the specimen 
were automatically canceled out by balancing a virgin speci- 
men against a virgin-specimen dummy (assuming, of course, that 
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Fic. 2 SwitcH1nc ARRANGEMENT 


(a, Specimen versus specimen or porcelain dummy. 
specimen dummy.) 


b, Porcelain versus 
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the thermochemical reaction within the specimen is the same with- 
out stress as it is with stress). (6) Behavior data, i.e., a measure of 
the absolute deformation under the conditions imposed, were ob- 
tained by balancing a specimen against a ‘“‘standard” porcelain 
dummy. (c) Shrink data (zero load) were obtained by balancing 
a porcelain dummy against aspecimen dummy. The stability of 
the porcelain dummies was checked periodically against a stand- 
ard resistance (Fig. 2). In order to increase the accuracy of the 
measurements, slight changes were made in the SR-4 control- 
box circuit so that it would operate as an adaptation of the 
Kelvin bridge, in effect reducing to a minimum errors caused by 
switch resistances. 

Constant longitudinal loads were applied, as before, in the 
form of lead weights in convenient increments. The loads ap- 
plied to each material varied from zero to values which caused 
fracture in less than 1000 hr. Results are reported only for speci- 
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mens that stood up for 1000 hr (except in the case of unfilled 
resin). Strain readings were taken for each load increment and 
the results were used for obtaining modulus data. The extension 
due to the application of the load was measured as a function 
of time over a period of 1000 hr. The loads were then removed 
in increments and strain readings were again taken. The 
contraction due to removal of load was then measured as a func- 
tion of recovery time over a period of about 250 hr. The ef- 
fect of moisture on the creep properties of these materials was 
studied by taking specimens which had been subjected to test 
for 1250 hr, soaking them in water at 50 C for 48 hr, and once 
more subjecting them to the original test procedure. 

The SR-4 gages were calibrated in tension and compressior 
(see Fig. 3). The gages were mounted on a pure phenolic-resir. 
specimen so that practically a straight stress-strain curve would 
be obtained. The deviation of the curve in tension was probably 
caused by creep and cold flow since the time interval of testing 
was so much longer than that taken for the compression curve 


EXPERIMENTAL RESULTS 


The results of creep measurements for the six molded and tw: 
cross-laminated phenolic compositions have been plotted in Fig~ 
4 to 17, inclusive. These materials, in general, possess the same 
type of creep and recovery curves. From Fig. 1, it can be seen 
that the creep at high temperatures consists of a balance between 
the opposing actions of strain due to load, and shrink due to mo- 
lecular transformation. The technique used in this work per- 
mitted a separation of these components so that each might be 
studied individually. Rectangular co-ordinate plotting has been 
used to enhance clarity of interpretation. (Log-log plotting was 
used in Fig. 27, to show special characteristics of the materials. | 
The “shrink” data obtained by using the SR-4 gages were further 
confirmed by results obtained from virgin specimens wit! 
mechanical strain gages attached which were placed in an over 
maintained at 192 F. 

The first group of curves (Figs. 4 to 9, inclusive), shows how 
these materials would behave under stress action alone, thermo- 
chemical effects being ignored. All of the materials showed an 
extremely large amount of nonrecoverable flow. A rough com- 
parison of the stress required to produce a total strain (elasti 
plus inelastic) of 0.003 in. per in. during a 1000-hr test at 192 F 
as against room temperature (25 C) is presented in Table 1. 


TABLE 1 COMPARISON OF STRESSES REQUIRED TO PRODUCE 
A TOTAL STRAIN OF 0.003 IN. PER IN. IN 1000 HR 


At room 
temperature, At 192 F 


Rag filled........ 
Wood-fiour filled .. . 
Resin compound . 


Paper laminate. . 


The unfilled resin compound would not bear a stress as low 
as 100 psi for more than 370 hr at this temperature. Only one 
set of data is presented for the paper laminate, since both ma- 
terials proved to have identical creep characteristics. 

The second group of curves (Figs. 10 to 16, inclusive) shows the 
actual behavior of the materials; a summation of the physica! 
and thermochemical forces acting on the specimens. A survey 
of the data plotted for zero stress gives an idea of the effects of 
thermochemical reaction within the specimen; it compares the 
materials on the basis of shrink. Mica-filled phenolic, unfilled 
resin compound, paper laminate, asbestos-filled phenolic, rag- 
filled phenolic, wood-flour-filled phenolic, and tire-cord-filled 
phenolic array themselves in that order when compared on 
this basis, mica shrinking least and tire cord most. It is only 
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reasonable that the temperature employed throughout this in- 
vestigation would show little effect on such a heat-insensitive 
filler as mica, while it is well known that cellulosic materials 
shrink considerably when subjected to heat (2, 3, 4). The some- 
what strange behavior of the asbestos-filled phenolic is explained 
by the fact that 15 per cent of the “asbestos’’-filled molding pow- 
der was wood flour. Fig. 17 shows the average total deformation 
(elastic plus imelastic) after 1000 hr of constant load at 192 F,as papLeE 3 COMPARISON OF LONG-TIME TENSILE STRENGTH 


phenolics with cellulosic fillers but that it does not in any way 
affect the behavior of phenolics with mineral fillers. Findley 
found that paper-laminated phenolic tended to shrink when 
humidity decreased (5). Table 3 presents a comparison of the 
long-time tensile strength at 192 F with both the long-time and 
short-time tensile strengths at room temperature. 


measured by the two separate methods employed, plotted against AT 192 crea patty efor 
stress. The ordinate distance between the two plots of each ma- 


Short-time 


terial is a measure of the amount of shrink. tensile. eer a . 
. stren ng-time 
Modulus data before and after the 1000-hr period under load A. estimated limiting 
‘ : 38-42, t 25 C, Percent Per cent 
are shown in Figs. 18 to 23, inclusive, and in Table 2. 25 C, 50 
7 psi psi 2 » Psi 25C 
TABLE 2. MODULUS DATA BEFORE AND AFTER 1000-HR TES Cord filled.. 6000 2400-2800 43 900-1200 18 
Average modulus Rag filled.... SP 6100 2400-2800 43 1200-1400 21 
of elasticity at After 1000 hr Woodflour filled... . . 6100 2606-2800 44 1300-1400 22 
beginning of test under load Difference, Resin compound....... 8900 __........ -. <100 ee 
Ti 0000 Mica OG ....-.- 


Discussion OF RESULTS 


The high-temperature data presented in the earlier paper (1) 

The effect of continued heating on the modulus of these ma- are somewhat in error inasmuch as they do not resolve the stress 
terials is readily apparent. Figs. 15, 24, 25, and 26 present the effects and thermochemical effects. It is to be noted that the 
data obtained from a study of moisture effects. Thecurvestend high-temperature curves of that paper appear to lie between the 
to show that moisture does affect the creep characteristics of  effect-of-stress and behavior curves presented in this work. This 
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phenomenon is readily explainable in that the same specimen 
dummies had been repeatedly used in those tests and had al- 
ready “shrunk” to varying degrees in the first run. In sue- 
ceeding tests, the dummies would therefore tend to act partially 
as virgin-specimen dummies and partially as porcelain dummies. 

The change in properties of phenolics after being exposed to 
heat is presumably connected with a continuation of the con- 
densation reaction. It is well known that in the curing of ther- 


mosetting resins, as in other chemical processes, the reaction ot 
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the constituents is practically never complete. The specimens 
used in this work were molded at a temperature of 165 C, with a 
cure time of about 10 min. As a general rule, a chemical re- 
action doubles in speed for each 10-deg-C rise in temperature. 
Thus while the reaction during molding proceeded about 181 
times as fast (estimated) as it did at the testing temperature 


1 
90 C), the total time of molding was only —— of the time the 
( ) x Y 6000 


specimens were subjected to test. It is only reasonable to pre- 
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sume that the materials continued to cure slowly during the tests. 
Data taken on phenolic resin before and after molding showed 
that specific gravity changed about 1 per cent. The shrink 
observed for phenolic resin during the creep test was 0.00123 in. 
per in., which corresponds to a density increase of 0.369 per cent. 
If this shrinkage were entirely due to continued condensation, 
this would lead to the estimate that about '/; as much reaction 
takes place during a long-time creep test as during molding. 

An attempt was made to see whether the hyperbolic-sine 
(6, 7, 8) or the logarithmic method wotld best express the re- 
lations between stress and creep rate of these materials at con- 
stant temperature. Fig. 27 is a plot of creep rate in per cent 
per 1000 hr versus stress. (The data were obtained from the 
“‘effect-of-stress” curves.) It was found, tentatively, that the 
straight-line relation of. the log-log plot best expressed the re- 
lation between stress and creep rate for the mineral-filled ma- 
terials but that the hyperbolic-sine relation is better suited for 
the cellulose-filled materials. 


CONCLUSIONS 


1 The total creep in 1000 hr and creep rate (in per cent per 
1000 hr) depend to a considerable degree upon the type of filler 
used in molded phenolic plastics. The creep of inorganic ma- 
terials is much less than that of materials with organic fillers of 
the cellulose type. 

2 Continued heating has tremendous effects on the creep 
properties of phenolic plastics. Extension due to load is largely 
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compensated by contraction due to shrink. Cellulose-filled ms 
terials show an especially large amount of shrink. 

3 The long-time tensile strength at 192 F varies roughly fron 
18 to 25 per cent of the short-time tensile strength at room tem 
perature, depending upon the filler used. 

4 Modulus of elasticity in tension increases 25 to 50 per cen! 
after continued heating at 192 F for 1000 hr, depending upon the 
type of filler used. 

5 The straight-line relation of the log-log plot apparently 
best expresses the relation between stress and creep rate for the 
mineral-filled phenolics but the hyperbolic-sine method is better 
suited as a simple method of expressing this relation for the cel- 
lulose-filled phenolics. 

6 By using the technique presented in this paper, a more 
definite knowledge of the behavior of phenolics at high tem 
peratures can be obtained. 
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Effect of Some Environmental Conditions 


on the Permanence of Cellulose-Acetate 
and Cellulose-Nitrate Sheet Plastics 


By T. S. LAWTON, JR.,! ano H. K. NASON! 


The effect of outdoor exposure, both in Florida and in 
Massachusetts, on the tensile properties, impact strength, 
optical properties, and shrinkage of cellulose-acetate and 
cellulose-nitrate sheet plastics is shown in detail, and the 
general nature of these effects is summarized. The effect 
of outdoor exposure on the composition of these plastics 
and on the molecular weight of the base cellulose esters is 
shown quantitatively. Moisture pickup and dimensional 
change upon immersion in water are reported. 


HE use of plastics in engineering applications has been 

accentuated because of the demand for these materials by 

the Armed Forces. For the intelligent engineering applica- 
tion of any material, a knowledge of its properties under all 
environmental conditions which may be encountered in service 
is essential. A summary of recent progress in this field has been 
published (1).? 

Such data on cellulose acetate and cellulose nitrate have been 
scarce until recently. A paper describing the effect of environ- 
mental conditions on the mechanical properties of cellulose 
acetate and cellulose nitrate was recently published (2). The 
work reported in the present paper covers the effect of environ- 
mental conditions such as weathering, ultraviolet-light exposure, 
moisture exposure, heat exposure, etc., on the permanence of 
cellulose-acetate and cellulose-nitrate plastic sheets. 


MaTERIALS UsED 


The cellulose-acetate sheets used in this investigation were 
2050 TVA Fibestos. They were manufactured by the sheeter 
process (3, 4), and the surfaces were given an “HH” (polished) 
finish in a planish press under the conditions customarily em- 
ployed for such materials. The residual solvent-and-water 
content was less than 1.5 per cent as received. These materials 
are of the type customarily furnished for transparent enclosures 
on aircraft and similar applications, and meet all requirements of 
Air Corps Specification 12025-B (5), Navy Aeronautical Speci- 
fication P-4le (6), and A.S.T.M. Specification D786—44T (7). 
These materials are of the same composition as those studied 
by Findley (8, 9, 10). 

The cellulose-nitrate sheets were manufactured from medium- 
viscosity pyroxylin of approximately 11 per cent nitrogen content 
and were plasticized with approximately 25 per cent camphor. 
Processing was by the sheeter method and was similar to that 
employed for the cellulose-acetate sheets. Residual solvent 
and water content was less than 1 per cent as received. These 
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materials meet all requirements of A.8S.T.M. D701-44T, Type | 
(11), U. S. Army Specification 95-12008B (12), and Federal 
Specification GG-T-671 (13). 

All materials used for these tests were taken from regular 
production lots. 


Test PRocEDURES 


A.S.T.M. standard test methods were used wherever possible ; 
specific reference to test methods is made in the following section. 

The desired number of test specimens was cut from a single 
plastic sheet and mixed thoroughly to minimize geometric 
variables. All samples were preconditioned for 48 hr at 50 C 
(122 F), to eliminate moisture, and were stored in a desiccator 
over anhydrous calcium chloride until needed. All tests were 
made at 25 C (122 F), 50 per cent relative humidity (rh), unless 
noted otherwise. 

The outdoor weathering samples were exposed both in Miami, 
Fla., and Springfield, Mass., at 45 deg to the vertica! and facing 
south. The specimens were not confined in a frame but were 
supported on the edges only. After the desired exposure time, 
the specimens were rinsed lightly with warm water to remove 
all surface dirt and other extraneous matter. The desired test 
samples were then cut out of the 12-in. X 12-in. exposed speci- 
mens. 

To determine the effect of ultraviolet exposure on the per- 
manence of these materials, test specimens were exposed under a 
General Electric S-1 sun lamp as specified in A.S.T.M. Designa- 
tion D620-41T (14), at a distance of 6 in. from the bottom of 
the bulb. Samples were so placed on the turntable that each 
received the same light intensity. Only S-1 bulbs which had 
been burned more than 50 and less than 500 hr were used. 

To determine the effect of heat on the permanence properties, 
samples were exposed in a circulating-air oven operating at 50 C. 

The type of apparatus used has been described previously (2). 

Reported values represent the arithmetic mean of at least 
five determinations, and the plus or minus limits shown represent 
the arithmetic-mean deviation of the individual values from the 
mean. 


GENERAL ErFects OF WEATHER EXPosURE 


The general effects of outdoor exposure on cellulose ester 
plastics may be summarized as follows: 


1 The base cellulose ester is degraded. Both saponification 
and molecular degradation due to breaking of the cellulose chain, 
with the formation of lower-molecular-weight fractions, may 
occur. The latter reaction is usually the more important; the 
extent of saponification is different for different cellulose esters. 
Thus considerable denitration of cellulose nitrate takes place 
during weathering, but relatively little deacetylation of cellulose 
acetate has been observed. The degree of degradation is depend- 
ent upon the length of exposure and upon the intensity of the 
incident radiation. 

2  Plasticizer is lost by evaporation and by leaching. 
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3 The color of the material may be changed due to darkening 
or bleaching of added colorants, or, in the case of plastics con- 
taining no added color, to darkening or bleaching of the plastic 
material itself. Uncolored cellulose-acetate plastics usually 
bleach and become lighter in color upon prolonged exposure, but 
cellulose-nitrate formulations usually yellow and become darker. 

4 Because of loss of plasticizer and degradation of the base 
plastic, shrinkage usually occurs upon prolonged exposure, and 
this may be accompanied by warping also. 

5 Fine surface cracks, known as crazing (21), and deeper 
cracks, penetrating nearly through the sheets, form after extended 
exposure. These are the result of shrinkage and general de- 
terioration of mechanical properties of the plastic. Crazing 
nearly always occurs first, because both shrinkage and degrada- 
tion are most severe at the surface of the sheet. The deeper 
cracks usually occur only after prolonged exposure. Crazing is 
venerally taken as the criterion of failure for materials whose use 
is optical in nature. 

6 Stress frozen in the plastic by the particular manufacturing 
process used, and other imperfections, are usually released upon 
extended exposure, thus impairing the surface quality of 
object. 


the 


TENSILE PROPERTIES 


Tensile properties were determined by the method specified in 

A.S.T.M. Designation D638-44T (15); the method specified 
by Federal Specification L-P-406a (16) is identical. Stress- 
~train data were determined at a crosshead speed of 0.20 ipm. 


CELLULOSE ACETATE, FLORIDA 


DURATION OF EXPOSURE MONTHS 


Fig. | Errecr or Exposure TO WEATHER AT MIAMI, FLA., ON 
TeNSILE PROPERTIES OF CELLULOSE-ACETATE SHEET PLASTIC 


ffect of Subtropical Exposure. The effect of exposure at 
Miami, Fla., on the tensile strength (ultimate), yield stress, and 
elongation is shown graphically in Fig. 1, for the cellulose- 
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acetate, and in Fig. 2, for the cellulose-nitrate sheets. Fig. 3 
shows graphically the effect of Florida exposure on the modulu- 
of elasticity of these two materials. 

Table 1 summarizes the effect of Florida exposure on the 
modulus of elasticity, yield stress, tensile strength, and elongation 
(at break) of the cellulose-acetate sheet plastic. Table 2 sum 
marizes similar data for the cellulose-nitrate sheets. 

Effect of Temperate Exposure. The effect of exposure at 
Springfield, Mass., on the tensile strength (ultimate), vield stress. 
and elongation (at break) is shown graphically in Fig. 4 for the 
cellulose-acetate, and in Fig. 5, for the cellulose-nitrate sheet- 
Fig. 6 shows the effect of such exposure on the modulus of elas 
ticity of these two materials, 
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DURATION OF EXPOSURE- MONTHS 


Fig. 2.) Errect or Exposure TO WEATHER AT MIAMI, 
Tenst_e Properties oF CELLULOSE-NITRATE SHEET PLASTIC 


ON 


MODULUS OF ELASTICITY-PSi 


Fie. 3) Errecr or Exposure TO WEATHER AT Miami, ON 


Mopvutvws or Evasticiry oF CELLULOSE-ACETATE AND CELLULOSE- 
NITRATE PLastics 


TABLE 1 EFFECT OF FLORIDA AND MASSACHUSETTS me twte os ON TENSILE PROPERTIBS OF CELLULOSE-ACETATE SHEET 
Exposure -—Modulus of elasticity Yield stress, psi~—-- ~———Tensile strength, psi——— -—Elongation, per cent 
time, months Florida . tad Florida Mass, Florida = Florida Mass. 
Origina! 2.70 = 0.03 2.70 = 0.03 4970 = 75 4970 = 75 5540 + 80 5540 = 80 40 = 5 40 #5 
3 2.93 = 0.02 2.80 += 0.04 4650 = 80 4800 = 93 5175 = 75 5310 + 96 33 w 5 35 = 2 
6 3.16 = 0.04 2.96 + 0.03 4360 = 95 4520 * 111 5080 = 68 5130 = 76 28 = 4 30 = 3 
9 3.46 = 0.04 3.11 * 0.02 4120 = 73 4340 + 56 4960 = 110 5030 + 68 24 = 3 27 = 4 
12 3.88 = 0.05 3.41 = 0.05 3990 * 110 4300 + 61 4890 * 95 5010 * 79 20 = 3 24 * 3 


Nora: Specimens, 0.125 in., preconditioned 48 hr at 50 C, and stored in desiccator. 


TABLE EFFECT OF FLORIDA AND MASSACHUSETTS ON 


Tested at 0.2 ipm crosshead speed, 


TENSILE PROPERTIES OF CELLULOSE-NITRATE SHEE 


PLASTI 


Exposure time, — Modulus of elasticity, psi X ———Yield stress, -———Tensile -——Elongation, per cent- 
months Florida ass. Florida Florida I Florida Mass. 
Original 2.04 + 0.01 2.04 = 0.01 5840 = 64 5840 = 64 6570 * 115 6570 + as 38 = 2 38 = 2 

1 2.17 = 0.02 2.12 + 0.03 4610 = 87 5730 = 80 6310 = 65 6410 14 = 3 27 = 3 

2 2.30 = 0.02 2.20 + 0.01 3880 + 5430 « 71 4650 = 96 6160 = St 3.1 # 0.20 17 = 2 

3 2.44 + 0.03 2.28 = 0.01 76 936 = 36 5800 93 1.0 0.07 9 +1 

4 2.37 = 0.02 4310 57 430 19 5000 79 O#1 

5 2.45 + 0.03 écaerees 260 = 23 3270 » 52 0-1 1.0 + 0.06 

Nore: Specimens, 0.125 in., preconditioned 48 hr at 50 C, and stored in desiccator. ‘Tested at 0.2 ipm crosshead speed. 
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O26" CELLULOSE ACETATE, MASSACHUSETTS 


kie. 4. Errect or Exposure TO WEATHER AT SPRINGFIELD, Mass., 
on ‘TeENSILE PROPERTIES OF CELLULOSE-ACETATE SHEET Pi vsti 


© 25" CELLULOSE NITRATE, MASSACHUSETTS 
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QURATION OF EXPOSURE - MONTHS 


Fie. 5) Errect or Exposure TO WEATHER AT SPRINGFIELD, Mase., 
on TENSILE Properties OF CELLULOSE-NITRATR SHEET PLASTICS 


25" SHEETS, MASSACHUSETTS 


| 


 CELUAOSE MITRATE 
? 3 
DURATION OF EXPOSURE - MONTHS 


Fic.6 Errecr or Exposure To WEATHER AT SPRINGFIELD, MAS8., 
ON Moputvus or Exvasticiry CELLULOSE-ACETATE AND CELLU- 
Lose-NITRATE SHEET PLASTiIcs 


0.010" CELLULOSE NITRATE 
— 


Fic. 7) Errecr or Heat, Licht, AND Exposure TO WEATHER AT 
SPRINGFIELD, Maas., ON STRESS-STRAIN PROPERTIES OF CELLULOSE- 
Nirrate SHERT PLASTIC 


‘Table 1 summarizes the effect of Springfield exposure on the 
modulus of elasticity, yield stress, tensile strength, and elongation 
of the cellulose-acetate sheets. Table 2 summarizes similar data 
for the cellulose-nitrate sheets. 

Effect of Various Accelerated Aging Environments. Ceilulose- 
nitrate plastic (0.010 in.) was subjected to various accelerated 
aging tests, namely, (a) 48 hr under an S-1 sun lamp at a distance 
of 6 in., (b) 14 days in a circulating-air oven at 50 C, and (ce) 2 
months’ outdoor exposure at Springfield. At the end of the 
designated exposure time, stress-strain data were determined. 
These tests were run on a Scott IP-4, tilting-table tensile tester 
at 600 rpm. Stress-strain relationships after the various ex- 
posures are shown graphically in Fig. 7. 

This material was of the same composition as that used in the 
rest of this work, but taken from a different production lot. 

Kerect ON GENERAL PROPERTIES 

Impact Properties. Impact properties were determined by the 
Charpy method, in accordance with the procedure described in 
A.S.T.M. Designation D256-48T (17). Specimens 0.125 in. 
thick, 0.5 in. wide, and 5 in. long were notched with a single- 
tooth milling cutter at 400 rpm, and wire-bound together in 
yroups of four to give the correct aggregate width (0.5 in.). 

The effect of Florida and Massachusetts exposure on impact 
strength for both the cellulose-acetate and_ cellulose-nitrate 
plastics is shown graphically in Fig. 8. These data are sum- 
marized in Tables 3 and 4. 


Light Transmission and Haze. Light transmission and haze 


FT. IN. 


STRENGTH, 


CHARPY \MPACT 


Fig. 8 or Exposure TO WEATHER AT SPRINGFIELD, Mss., 
anp Mrami, Fia., ON Impact STRENGTH OF CELLULOSE-ACETATE 
AND CELLULOSE-NITRATE SHEET PLastics 


TABLE 3 
POSURE 


EFFECT OF FLORIDA AND MASSACHUSETTS 
ON IMPACT 


STRENGTH OF CELLULOSE-ACETATE. 
SHEET PLASTIC 


Impact strength, ft-lb per in., notch 
Florida Massachusetts 
+ 0.09 
0.11 


+ 
+ 0.17 2. 
+ 
+ 


Exposure time, 
months 
Original! 
6 
9 
l2 


0.09 
0.19 


Nore: Specimens preconditioned 48 hr at 60 C, and stored in desicrat or 
Specimens comprised four 0.125-in. plates. broken edgewise. 


TABLE 4 EFFECT OF FLORIDA AND MASSACHUSETTS EX 
POSURE ON IMPACT STRENGTH OF CELLULOSE-NITRATE 
SHEET PLASTIC 


Impact strength, ft-lb per in., notch 
Florida Massachusetts 
.56 = 0.13: 3. 
.21 = 0.14 .09 + 
.33 = 0.02 
+ 
+= 


Exposure time, 
months 


Original! 
1 

2 

3 

5 

8 


Nore: Specimens preconditioned 48 hr at 50 C, and stored in desiccator. 
Specimens comprised four 0.125-in. plates, broken edgewise. 
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were determined by the Bowen-Kline method, in accordance with 
the procedure described in A.S.T.M. Designation D672—42T 
(18). Specimens 0.125 in. thick, 3 in. square were used. 

The effect of Florida and Massachusetts exposure on the light 
transmission of both cellulose-acetate and _ cellulose-nitrate 
plastics is shown graphically in Fig. 9. These data are sum- 
marized in Table 5 and Table 6. 

The effect of Florida and Massachusetts exposure on the haze 
of both cellulose-acetate and cellulose-nitrate plastics is shown 
graphically in Fig. 10. These data are summarized in Table 5 
and Table 6. 

Figs. 11 and 12 show the general appearance of cellulose- 
acetate and cellulose-nitrate sheets, respectively, after various 
lengths of exposure in Florida. 

Shrinkage. Shrinkage was determined by scmbing marks 10 
in. apart in both directions of the 12-in. X 12-in. plastic sheets. 
The distance between marks was measured to within 0.01 in. 
before and after exposure. The percentage of shrinkage reported 


OURATION OF EXPOSURE-MONTHS 


Fie. 9 Errect or ExposurE TO WEATHER AT SPRINGFIELD, MAss., 
anD Miamt1, FLa., oN LiGHt TRANSMISSION OF CELLULOSE-ACETATE 
AND CELLULOSE-NITRATE SHEET PLastTics 


Fig. 10 Errect or Exposure TO WEATHER AT SPRINGFIELD, Mass., 
AND MiaMtI, Fia., oN Haze OF CELLULOSE-ACETATE AND CELLULOSE- 
NITRATE SHEET PLastics 


TABLE 5 EFFECT OF FLORIDA AND MASSACH 
POSURE ON LIGHT TRANSMISSION AND HAZE OF 
ACETATE SHEET PLASTIC 


Light transmission, 
per cent - 
Florida 


USETTS 
CELLI 


Exposure time, 
months 


Original 
3 


—-Haze, per cent-—~ 


Mass. Florida Mass. 


12 


TABLE 6 EFFECT OF FLORIDA AND MASSACHUSETTS EX- 
POSURE ON LIGHT TRANSMISSION AND HAZE OF CELLULOSE. 
NITRATE SHEET PLASTIC 


Light transmission, 


Exposure time, per cen -——Haze, per cent—— 
months Florida * Mass Florida Mass. 
Original 90.1 90.1 2.5 2.5 

1 83.8 85.1 4.5 3.0 
2 76.3 80.1 11.9 4.3 
3 71.0 74.7 22.0 8.9 
4 66.9 70.8 35.1 17.2 
5 63.0 67.1 53.1 30.8 
6 60.0 63.5 66.6 495 
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was calculated by dividing the difference in length between 
marks before and after exposure by the original length. The 
values reported are the average of the two directions. 

The effect of Florida and Massachusetts exposure on the 
shrinkage of both cellulose-acetate and cellulose-nitrate plastic 
sheets is shown graphically in Fig. 13. These data are sum- 
marized in Table 7 and Table 8. 

Abrasion Resistance. The abrasion resistance of cellulose- 
acetate and cellulose-nitrate sheet plastics was determined by the 
Boor abrader, in accordance with A.S.T.M. Designation D673 
42T (19). Specimens 0.125 in. thick and 2 in. square were used 
The specimens were preconditioned 48 hr at 50 C and stored in « 
desiccator prior to testing. 

The effect of the amount of abrasive on the percentage oi! 
original gloss for both cellulose-acetate and cellulose-nitrate sheet 
plastic is shown in Fig. 14. Data are summarized in Table % 

Water Absorption. The percentage of water absorption for 
cellulose-acetate and cellulose-nitrate sheet plastics was deter- 
mined in accordance with A.S.T.M. Designation D570—42 (20) 
In addition, long-time water-absorption tests were run to deter 
mine the time for the plastic to reach equilibrium. 


6 MONTHS 


9 MONTHS 12 MONTHS _ 


Fic. 11 


Kerker or ExposuRE ON CELLULOSE-ACETATE 
SHeet Prastic 


CELLVLOSE ACETATE, MASS 
| qeLimose Acevare, 
| DURATION OF EXPOSURE — MONTHS 
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TABLE 7 EFFECT OF FLORIDA AND MASSACHUSETTS EX- 
POSURE ON SHRINKAGE OF CELLULOSE-ACETATE PLASTIC 


Exposure time, Shrinkage, per cent 
months orida M 


Original 
3 
6 


9 
12 


TABLE 8 EFFECT OF FLORIDA AND MASSACHUSETTS EX- 
POSURE OF SHRINKAGE OF CELLULOSE-NITRATE PLASTIC 


Exposure time, Shrinkage, per cent 
months Florida 


asa. 
Original 

1 ‘09 

0.22 
| MONTH 2 MONTHS 3 MONTHS 
0.76 
0.98 


ABLE 9 EFFECT OF AMOUNT OF yw fh ON PERCENTAGE 
or ORIGINAL GLOSS FOR CELLULOSE-ACETATE AND CELLU- 
LOSE-NITRATE SHEET PLASTICS 
-—Per cent of original gloss—— 
Grams of Cellulose ellulose 
abrasive acetate nitrate 
200 
400 
800 
1200 
1600 


Nore: Boor abrader used. Samples preconditioned 48 br at 50 C, and 
stored in desiccator. 


The effect of immersion time on the total water absorption is 
shown graphically in Fig. 15, for cellulose-acetate, and in Fig. 16 
Fic. 12) KErrect or Froripa Exposure ON CELLULOSE-NITRATE for cellulose-nitrate plastic. The effect of time on 

Sueer Piastic percentage of solubles lost is shown graphically in Fig. 17 for 
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Fic. 13 Errecr or Exposure ro WeaTHer Fic. 14 Asraston Resistance or Ceitutose- Fic. 16 Water Apsorption or 
at SPRINGFIELD, Mass., AND Mramt, FLa., ACETATE AND CELLULOSE-NITRATE PLastic Lose-NiTRATE PLastic SHEETS 

oN LingaR SHRINKAGE OF CELLULOSE- SHEETS 

ACETATE AND CELLULOSE-NITRATE PLAsTic 


ACETATE SHEETS 
25°C ; CELLULOSE ACETATE 


SOLUBLES EXTRACTED— % 
nr 


SOLUBLES EXTRACTED~ % 


TOTAL WATER ABSORPTION~ % 


IMMERSION TIME - HOURS IMMERSION TURE —HOURS 


‘16. 15 Water ABSORPTION OF CELLU- Fig. 17 Sotuste Matrer Extracrep Fig. 18 Sorvste Marrer ExtTRacrep 
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cellulose-acetate, and in Fig. 18, for cellulose-nitrate plastic. 
These data are summarized in Table 10 and Table 11. 

Viscosity and Molecular Weight. The effect of Florida ex- 
posure on the viscosity and molecular weight of the base cellulose 
esters in cellulose-acetate and cellulose-nitrate sheet plastic was 
determined. Viscosity measurements were made at 25 C + 

02 deg using Fenske pipettes. The exposed plastic was dis- 
solved in anhydrous acetone, and the cellulose acetate or 
cellulose nitrate was precipitated with a nonsolvent, washed, 
and dried. The dried ester was dissolved in anhydrous acetone, 
and concentrations to give », = 1.2-1.3 were chosen. 

Viscosity was determined both on the whole plastic sheet and 
on the surface portion only. In the latter case, the surface was 


TABLE 10 EFFECT OF IMMERSION 


TRANSACTIONS OF THE 


TIME ON TOTAL WATER ABSORPTION OF CELLULOSE 
ACETATE AND CELLULOSE-NITRATE PLASTICS 


Total water absorption, per 
06 


AS. MAE. MAY, 1945 


These 


cellulose acetate and cellulose nitrate is shown in Fig. 19 
data are summarized in Tables 12 and 13. 


Discussion OF ResuLTs 


The effects of temperature, humidity, and testing speed on th 
mechanical properties of cellulose-acetate and cellulose-nitrat: 
sheet plastics have been pointed out previously by Lawton, 
Carswell, and Nason (2). The data presented herein show tli 
effect of some environmental conditions on the permanence 
these two plastic materials. 

Cellulose acetate is moderately resistant to outdoor aging 
whereas cellulose nitrate tends to degrade and lose its propertic- 
rather rapidly. Cellulose acetate is more sensitive to moistur: 


-——0.010 in.——. ——-0.030 in.——— 0 in.—— —0.125 in.—— 
Immersion Cellulose Cellulose Cellulose Cellulose Cellulose Cellulose Cellulose Cellulose 
time, hr acetate nitrate acetate nitrate acetate nitrate acetate nitrate 
2. 3.36 1.31 1.61 0.85 1.04 0.43 
2. 5.27 1.83 2.73 10 1.32 0.65 
2. 6.28 2.08 86 43 1.83 0.89 
2. 6.52 2.19 .25 59 2.08 0.98 
2. 2. 2.¢ 
3. 2. 4. 
2. 7; 2. 6.8! 


TABLE 11 


EFFECT OF IM TIME ON SOLUBLES LOST CELLULOSE-AC 
CELLULOSE-NITRATE PLASTIC 


ETATE AND 


— ———-Solubles lost, per - 

0.010 in. ~ -——— 0.030 in. —— 0.125 in.——. 

Immersion Cellulose Cellulose Cellulose Cellulose Cellulocs” Cellulose Cellulose 
time, hr acetate nitrate acetate nitrate acetate nitrate acetate nitrate 


Fic. 19. Errect or Exposure TO WEATHER AT MIAMI, FLA., ON 
Mo.ecuLaR WEIGHT OF Base CELLULOSE ESTER IN CELLULOSE- 
ACETATE AND CELLULOSE-NITRATE SHEET PULasTIcs 


scraped off and then dissolved and precipitated. 
Molecular weight was calculated by the equation 


MKce = In», 
where M = weight average molecular weight 
K = Staudinger’s constant: 
K = 10.25 X 10~‘ for cellulose acetate 
K = 11.00 X 10~‘ for cellulose nitrate 
¢ = concentration, unit mols per liter 
n, = relative viscosity 


The effect of Florida exposure on the molecular weight of 


TABLE 12 T OF FLORIDA EXPOSURE ON MOLECUL 
EIGHT OF CELLULOSE ACETATE 


Molecular weight, Molecular weight 
whole plastic surface of plastic 


Exposure time, 
months 


TABLE 13° EFFECT OF FLORIDA EXPOSURE ON MOLECUL \) 
WEIGHT OF CELLULOSE NITRATE 


Exposure time, 
months 


Original 
1 


Molecular weight, 


Molecular weigh: 
whole plastic 


surface of plasti: 


than cellulose nitrate, whereas the effect of temperature is abou! 
the same for both. 

Tensile strength, elongation, and yield stress for both cellulo~ 
acetate and cellulose nitrate decrease with increasing outdo’ 
exposure time, until the material eventually degrades so badd!) 
that mechanical properties cannot be measured. The moudulu- 
of elasticity increases with increasing exposure time as long ®- 
the material remains sufficiently coherent to be tested. 

Approximately three times as long is required to degra: 
cellulose acetate as is required for cellulose nitrate. The degrs- 
dation of cellulose nitrate appears to start soon after e%- 
posure, whereas, in cellulose acetate, a more gradual change '- 
noted. 

Two months of outdoor exposure is a more severe test |) 


2 

eS 4 0.43 15 0.24 0.05 0.11 0.04 0.02 0.02 
ete: Se 10 0.67 .25 0.50 0.07 0.21 0.05 0.04 0.03 

18 1.02 0.74 0.08 0.33 0.06 0.07 0.04 

sank fu 24 1.21 .30 0.83 0.14 0.38 0.07 0.09 0.05 
ee 36 1.58 135 1.01 0.15 0.51 0.08 0.09 0.06 

eres oe 48 1.91 .36 1.13 0.20 0.53 0.09 0.16 0.08 

ea ate 72 2.14 .36 1.36 0.25 0.69 0.13 0.22 0.10 
Beas Ae 96 2.24 .37 1.54 0.30 0.77 0.16 0.26 0.13 

120 2.26 88 1 68 0.33 0.82 0.19 0 38 0 16 

$$$ 

| 

40,900 CELLULOSE ACETATES | Original 48100 48100 
| | 3 47300 44600 
30,000 woe seer 12 45200 35200 

42100 42100 
6 8 0 3 31900 5100 
OURATION OF EXPOSURE - MONTHS 4 28900 4400 
5 26600 4100 
6 25400 3500 

ets 


LAWTON, NASON—EFFECT OF ENVIRONMENTAL CONDITIONS ON SHEET PLASTICS 


cellulose nitrate than 2 weeks at 50 C, or 48 hr under an S-1 
sun lamp. 

The impact strength for both cellulose acetate and cellulose 
nitrate decreases with increasing exposure, whereas haze, 
light transmission, and shrinkage increase. The increase in light 
transmission of cellulose acetate upon exposure is thought to be 
due to a bleaching action. With cellulose nitrate, light trans- 
mission decreases with increasing exposure, as would be expected. 

Exposure in Miami, Fla., is more severe than at Springfield, 
Mass. To obtain the same effect as 1 year exposure in Florida, 
approximately 15 months’ exposure in Massachusetts is required. 
This ratio appears to be the same for both cellulose-acetate and 
cellulose-nitrate sheet plastic. 

The degradation from outdoor exposure can be measured by 
change in viscosity. Viscosity measurements showed that for 
both cellulose-acetate and cellulose-nitrate sheet plastic most of 
the degradation was on the surface. As the exposure time 
increases the degradation penetrates deeper into the sheet. 
Cellulose nitrate shows a much greater decrease in molecular 
weight than does cellulose acetate for the same exposure time. 

After 12 months in Florida, the cellulose-acetate plastic sheet 
lost approximately 20 per cent of its plasticizer, whereas the 
cellulose-nitrate sheet lost 33 per cent plasticizer after 6 months’ 
exposure in Florida. Since the center of the plastic sheets ap- 
peared to be unchanged, undoubtedly the plasticizer was lost 
from the surface of the sheets. 

Water-immersion tests showed that cellulose nitrate is more 
resistant to moisture than cellulose acetate. On continual im- 
mersion, both materials appear to approach equilibrium. 

The data given in this report are for typical production ma- 
terials and are known to be representative. Since they are based 
on a limited number of tests and on only a few samples of ma- 
terials, they should not be regarded as minimum values for 
design or specification purposes. A much larger number of tests 
should be made and evaluated statistically before any such values 
are set up. 
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Discussion 


M. L. Macur.* The facts which the authors have so ably 
presented lead one to the obvious conclusion that the proper selec- 
tion of a plastic for any specific application is a compromise 
based on the selection of characteristics which are essential for 
the particular job. For example, it is obvious from a reference to 
Figs. 1 and 8 that the tensile and impact strengths of cellulose- 
nitrate plastics deteriorate more rapidly on outdoor exposure than 
do those of cellulose acetate. On the other hand, reference to 
Figs. 15 and 16 shows conclusively that the water absorption of 
celluiose acetate, and hence moisture sensitivity, is higher by a 
ratio of approximately 4 to 1 for cellulose acetate. Conse- 
quently, one would select cellulose nitrate for an application in 
which the finished article is used indoors. Thus for a drawing 
instrument, where warpage and dimensional change due to varia- 
tions in atmospheric humidity are of importance, it would be 
ideal. On the other hand, cellulose acetate would be preferred 
over nitrate for applications in which outdoor exposure must be 
encountered. This difference in moisture sensitivity has been 
borne out in practice time and again for indoor applications, in 
which cellulose-nitrate sheeting has been shown to lie flatter and 
warp less than do cellulose-acetate sheets. 

In order that misconceptions do not arise, the apparently 
anomalous results reported in Fig. 3, in which modulus of elastic- 
ity increases as a result of exposure, are deserving of some further 
discussion. The increase in modulus of elasticity is of course 
obviously due to plasticizer loss. However, it is accompanied by 


3E. I. du Pont de Nemours & Company, Plastics Department, 
Arlington, N. J. 
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such a marked decrease in impact strength and in tensile strength AuTHors’ CLOSURE 


that it would not be wise to count on the increase in any design Mr. Macht’s remarks are well taken and we agree on the 
calculations which might be based on these figures. points he has emphasized. 
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Properties and Development of Papreg—A 
High-Strength Laminated Paper Plastic 


By E. C. O. ERICKSON! ano G. E. MACKIN! 


Papreg the new paper-base laminate which has re- 
cently found application in aircraft and other strength 
structures resulted from research at the Forest Products 
Laboratory. Having more than twice the tensile strength 


and improved mechanical properties compared with the 
best earlier paper-base laminates, papreg also lends itself 
to low-pressure molding techniques and can be formed to 
moderate double curvature without special treatment. 
This paper reviews the development work, the character- 
istics, properties, and service experience with papreg. 


INTRODUCTION 


S the result of research at the Forest Products Laboratory, 
A a laminated paper plastic is now being produced with 
more than twice the tensile strength and with improve- 
ment in most other mechanical properties over the best conven- 
tional paper-base laminates formerly available. This new paper 
plastic, termed ‘‘papreg,” has attracted the attention of aircraft 
and other manufacturers because of its higher strength char- 
acteristics. It has a density about one half that of aluminum 
and can be produced as a comparatively uniform product. It 
has a smooth hard surface and reasonable moisture and decay 
resistance. It has been molded to moderate double curvature 
without special treatment, and slight taper or gage variations are 
readily achieved. It lends itself to low-pressure molding tech- 
niques, and has been satisfactorily postformed to moderate double 
curvature. 

Prior to the development of papreg, laminated plastics, because 
of insufficient strength, had found acceptance only in limited 
fields. Typical applications included electrical-insulation panels, 
table tops, and other nonstructural uses. With the attainment 
of higher strength in the new material, a wider use of paper-base 
laminates is now realized in aircraft and other products. 

The development work covered investigations on (a) the suita- 
bility of several species of wood, pulped by several processes such 
as the sulphate and sulphite, and in a limited way on other mate- 
rials, such as cotton, flax, and rag; (b) fiber properties and pulp- 
processing variations; (c) special papermaking procedures; (d) 
impregnation of paper with resin; (e) molding of the laminated 
sheets; and (f) evaluation of the plastic in terms of its physical 
and mechanical properties (1).2_ During this development, the 
Forest Products Laboratory has consulted with pulp and paper 
manufacturers, impregnators, resin manufacturers, and lamina- 
tors in the analysis of the separate process problems of each. 


DEVELOPMENT OF PAPREG 
Analysis of the components of laminated paper plastics showed 


1 Engineer and Industrial Specialist, respectively, Forest Prod- 
ucts Laboratory, Forest Service, U. S. Department of Agriculture, 
maintained at Madison, Wis., in co-operation with the University of 
Wisconsin. 
re Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Rubber and Plastics Division and presented 
at the Annual Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944, of 
Tue American Society OF MECHANICAL ENGINEERS. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


the major strength-producing factor to be the base paper, and 
since the properties of paper are to a large extent affected by the 
type of fibers used, a survey of available pulps representing differ- 
ent kinds of fibers was initiated early in the work. Modifications 
of standard pulping, fiber-processing, and papermaking pro- 
cedures were developed using the Laboratory’s experimental 
pulp- and papermaking equipment to achieve the superior 
properties. 

Several hundred experimental papers were made during this 
work. It was found that papers giving the highest-strength 
papreg are those obtained from pulps, either sulphate, acid sul- 
phite, or neutral sulphite, produced with a minimum of cooking 
required for making a well-fiberized pulp, and a minimum of 
bleaching, beating, and jordaning, all of which tend to reduce 
the native strength of the individual fiber. From a study of 
the papermaking requirements investigated, it was found that 
papers having the following properties are suitable for high- 
strength laminated plastic: 


25 to 40 lb 
0.001 to 0.004 in. 
0.60 to 0.75 g per ce 


Porosity (Gurley densometer, 100 cc) less than 30 sec 


The papermaking experiments showed that high tensile 
strength in one direction could be obtained by alignment of fibers 
during the formation of the sheet and that the relatively high 
density could be obtained by employing high wet-press pressure 
without reducing the absorbent characteristics of the sheet below 
that required for satisfactory impregnation (2). It was also 
found that densification of the sheet by calendering was ad- 
vantageous, since in this way equal or higher strengths than when 
uncalendered paper was used (3) could be obtained in laminates 
molded at lower pressures. 

Impregnation of paper with resin involves a number of factors 
that greatly affect the physical properties of the ultimate plastic. 
Among the important factors recognized are the resin and volatile 
content of the treated paper, the temperature of drying the im- 
pregnated sheet, time of absorption of resin, kind of resin diluent, 
and kinds of resin. Although many different resins were in- 
vestigated in the development of papreg, considerations of 
availability as well as resultant properties led to the selection of 
spirit-soluble phenolic-type resins for this purpose. 

Results showed that there is an optimum resin content for the 
production of desired plastic properties for each type of fiber and 
for the particular molding pressure used. Relatively high resin 
content imparts better water resistance to the finished papreg, 
but some strength properties are lowered. For laminating 
pressures of approximately 250 psi, a resin content of 30 to 40 
per cent is most desirable for over-all optimum properties. Fig. 1 
shows the effect of resin content of the impregnated sheet on the 
properties of papreg, laminated under standard conditions. 
Within the indicated range of resin contents and provided the 
volatile content is maintained constant, the strength properties 
of the plastic are not greatly affected by variations of the resin 
content (4). 
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Properties of the papreg are considerably affected by the vola- 
tile content of the resin-treated paper (4). High volatile content 
(about 7 per cent) causes greater flow of the resin under the heat 
and pressure of laminating and results in lower strength values 
of the plastic than those obtained with treated paper having a 
volatile content of about 4 per cent. 

In order to avoid the necessity of using steel dies and to utilize 
low-capacity presses for laminating, 250 psi was fixed as the upper 
limit of pressure to be used. However, the effects of using both 
higher and lower pressures were investigated (4). Fig. 2 shows 
the effects of laminating pressure on the properties of papreg. 


PROPERTIES OF PAPREG 


The development work previously discussed resulted in a 
decision to adopt as a standard the product resulting from a cer- 
tain combination of materials and processing procedures, and to 
carry out a series of tests to determine the basic engineering 
properties of this standardized product (designated “Improved 
Standard, June, 1943”). Some data on high-strength paper 
laminates have appeared in publications during the past 2 years 
(5, 6, 7). 

Although satisfactory materials were produced from other 
species such as balsam fir and Western hemlock, processed by the 
previously mentioned pulping methods, evaluations for basic 
properties made at the Forest Products Laboratory were con- 
fined to a standardized papreg made from spruce Mitscherlich- 
type sulphite paper impregnated with a phenolic-type thermo- 
setting resin. The resin content was about 36 per cent, and the 
volatile content was 4.5 percent. The material for test consisted 
of parallel-laminated and cross-laminated flat panels, approxi- 
mately 11 in. square, some !/s in. and others !/2 in. in thickness. 
The !/s and !/2-in-thick panels were molded from approximately 
70 and 280 sheets of treated paper, respectively, and were pressed 
for 12 and 25 min, respectively, at 250 psi. The temperature of 
the hot-press platens was 325 F. The panels were removed 
‘ from the press immediately after pressing and allowed to cool in 
air at room temperature. Material constituted and processed 
in this way is identified as Improved Standard, June, 1943. 
The specific gravity, based upon weight and volume after condi- 
tioning at 75 F and 50 per cent relative humidity, is 1.4. 

Although the material tested was produced under laboratory 
controlled conditions, its properties are believed to be representa- 
tive of those of products of similar composition when produced 
by commercial laminators employing the same conditions and 
manufacturing procedure. The base materials are commer- 
cially available, and impregnated paper and molded stock are now 
being produced on a commercial scale. 

Except where otherwise noted, properties of papreg here re- 
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ported were obtained from specimens prepared, conditioned, and 
tested in accordance with Federal Specification L-P-406 for 
Plastics, Organic; General Specifications (Methods of Tests) 
dated December 9, 1942. The specimens were machined with 
high-speed steel tools in such a manner as to be virtually free 
from toolmarks or any evidence of overheating and_ therefore 
were not otherwise finished prior to test. 

Results of tests at room temperature on nominal 1/s-in. and 
1/,-in. material are presented in Tables 1 and 2, respectively. 

In these tables ‘“‘flatwise” refers to load applied to a surface of 
the original material, that is, in the direction of molding pressure. 
“‘Edgewise’”’ refers to load applied on the edges of the laminations, 
that is, in a direction perpendicular to that of the molding 
pressure. Lengthwise or crosswise refers to the orientation of the 
predominant direction (machine direction or “grain” direction) 
of fibers in the constituent sheets of paper with respect to the 
length of the specimen. Consequently, parallel-laminated 
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specimens are either lengthwise or crosswise, whereas cross- 
laminated specimens are designated “lengthwise and crosswise.” 
Thus values of shear+ for “lengthwise” and ‘crosswise’ are, 
respectively, perpendicular and parallel to the predominant fiber 
directions. Actually, for cross-laminated papreg, the fiber 
direction of the face plies was lengthwise in one half the speci- 
mens and crosswise in the other half. Because results did not 
differ significantly, the values for the two directions are combined 
in Tables 1 and 2. 

Average values represent the arithmetic average of the indi- 
cated number of tests, composed of not more than two tests 
from any one panel in each of the directions indicated. The 
standard deviation for each property is also presented to provide 
a measure of the variability or the range of values that can be 
expected from stock sheet materials of this type. 

Parallel-laminated papreg has average tensile and flexural 
strengths of about 36,000 psi lengthwise, and tensile and flexu- 
ral strengths of about 20,000 and 24,000 psi crosswise, respectively. 
For cross-laminated papreg, the tensile and flexural strengths are 
27,000 and 30,000 psi, respectively, or intermediate between 
those for the two principal directions of the parallel-laminated 
type. This relationship exists among all tensile and flexural 
properties, and to a lesser degree among most other properties. 
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The average ultimate compressive strength (edgewise) varied 
between 19,000 and 23,000 psi. Only in the crosswise direction 
of parallel-laminated material were the tensile and compressive 
properties about equal. Young’s moduli of elasticity in com- 
pression and flexure were essentially the same, and were from 
15 to 25 per cent less than the tensile modulus. Yield strengths 
in compression were likewise considerably less than in tension. 
The similarity of compressive ultimates for the two directions, 
together with the disparity in tension between these directions 
suggested that the resin is the major factor in strength in com- 
pression. 

In general, failures in compression were characterized by two 
shear failures at one end of the specimen extending at 45 deg 
across the edges of the lamination in the form of a V, with subse- 
quent delamination near the center of the thickness of the speci- 
men forming a Y. Strength in interlaminar shear varied be- 
tween 800 and 3000 psi, depending on the type of test and the 
orientations of the specimen. Tensile-type shear on kerfed 
specimens ranged from 800 psi (crosswise) to 1100 psi (length- 
wise). Block-type shear values ranged from 1300 psi, lengthwise, 
to 1600 psi, crosswise. On the other hand, cylindrical speci- 
mens tested in double shear (Federal specification L-P-406) 
produced values on the order of 3000 psi. 


TABLE 1 STRENGTH AND RELATED PROPERTIES OF NOMINAL 1/s-IN. PAPREG AT NORMAL TEMPERATURE, 75 F + 5 DEG F 
3 
t Parallel laminated : Cross laminated 
Test and properties 2 Lengthwise 8 Crosswise : Lengthwise and 
crosswise 
FY Ave : Standard : Ave : Standard : Ave 3: Standard 
: : deviation : : deviation : : deviation 
Specific gravity : 1.41 1.41 1.41 
Ultimate strength psi : 35,610 : 2,321 : 20,010 : 853 : 27,160 : 1,591 
Yield strength at 0.2 percent offset psi : 32,780 : 2,575 : 14,560 : 838 : 23,160 : 1,665 
Yield strength at 0.7 percent strain psi : 23,090 : 2,228 : 10,860 : 980 : 16,760 : 706 
Proportional limit stress psi : 14,480 : 3,011 : 7,880 : 856 s 9,760 : 1,072 
Secant modulus at 0.2 percent offset psi x 109 : 2,951 : 147 : 1,352 s 174 s gate 2 111 
Modulus of elasticity psi x l : 3,645 : 377 = 1,733 s 261 : 2,692 : 181 
Elongation immediately before fracture Percent : 1420: 0.16 1.88: 0030 14293 0.14 
Static bending - (flatwise) : : : : : F 
Modulus of rupture psi : 36,590 : 1,171 +: 24,300 : 785 : 30,540 : 1,153 
Proportional limit stress psi : 15,900 : 1,473 : 10,510 : 1,148 +: 12,240: 1,325 
Modulus of elasticity psi x 10° ; 3,016 : 99 : 1,481 : §1 s 2,241: 58 
Bearing - 1/S-in. dia. pin (tensile loading : : t 
Bearing strength (4 to 6 tests) psi 24,920 22,940 25,920 
Ultimate bearing stress psi : 38,060 31,300 34,280 
Shearing strength (flatwise) psi : 16,980 : 700 : 14,010: 733° =: 15,550 : 415 
Modulus of rigidity psi x 105 : 909 : 29 Secesecceioscesscovces’ 887 : 33 
Indentation hardness (Rockwell ) Menurbers 110 110 
Loss in weight on drying at 221° F. for 24 hours 8 : : : : : 
Loss in weight (2 2 ite spec.) Percent 1299 2e60 
: : 3 
Water absorption (24 hours immersion 2 x 2 in. spec. ): 8 : : : 3 
Increese in weight Percent : Ze2l 2036 
Increase in width Percent : 206 202 
Increase in thickness Percent LeB7 1682 


NOTE: 
the average of 32 testse 


Values for indentation hardness and those properties for which standard deviation is reported, represent 
Loss in weight on drying and water absorption percentages for parallel and 


cross-leminated papreg are based on 16 and 9 tests, respectively. 
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TABLE 2 SOME STRENGTH PROPERTIES OF NOMINAL !/:-IN, PAPREG AT NORMAL TEMPERATURE, 75 F * 5 DEG F 


+ Cross laminated 


Parallel laminated 


Test and properties Lengthwise Crosswise Lengthwise and 
8 crosswise 
s Av. : Standard +: Ave s Standard : Av. : Standard 
: : : deviation deviation 
Compression (edgewise) (20 = 20 : : : : : 
Ultimate strength psi : 22,530 : 727 : 19,430 : 729 : 20,790 : 911 
Yield strength at 0.2 percent offset pei : 14,040 : 421 : 9,750 : 462 s 11,290 : 439 
Yield strength at 0.7 percent strain pei : 14,)5C : 407 s 8,690 : 321 : 11,340 ; $20 
Proportional limit stress psi : 2910 : 884 : 4,280 : 629 : §,430 s 841 
Tangent modulus at 0.7 percent strain psi x 10° : TTS BSS TED 
Secant modulus st 0.2 percent offset pei x 10° : 2,049 : : 1,389 : 46 s 1,621 3 52 
Modulus of elasticity psixl0>: 2,913: 166 +: 1,496: 96 : 2,279 5 95 
Compression (fletwise ) (3 -0- 3 
Ultimate strength pei 8 425200 45 ,600 
Static bending (flatwise) (10 - 10 - 16)2 : : : : : : 
Modulus of rupture pei : 31,710 : 1,371 : 19,540 : 2,489. : 28,710 : 1,622 
Proportional limit stress psi : 14,410 : 920 : 7,850 : 1,201 : 11,000 : 1,058 
Modulus of elasticity psi x 10° : 2,847 : 60 s 1,418 : 35 s 2,062 s 97 
Modulus of rupture psi : 28,870 : 1,502 : 20,790 : 1,239 : 26,590 : 1,319 
Proportional limit setress pei : 14,960 : 884 s 7,940 : 1,039 : 8,240 : 1,092 
Modulus of elasticity psi x 10° : 2,726 : 138 s 1,402 : 64 s 2,184 : 105 
Shear (Johnson-type shear tool) (20 - 20 - 32) : : 
Shearing, strength (edgewise) psi : 20,500 : 581 + 17,840 : 684 : 18,670 : 922 
Impact strength (Izod) (20 = 20 - 32)4 : 
Flatwise, notch on face Ft. lb. per in. of notch : 469 SeB2 
Edgewise, notch on edge Ft. lb. per in. of notch : 067 060 266 


“Numbers in order indicate the number of tests of parallel-laminated lengthwise, parellel-laminated crosswise, and 


cross-laminated papreg, respectively. 


A few tests to determine the tensile strength normal to the 
plane of the laminations averaged 600 psi. The bonding strength 
(Federal specification L-P-406a) was about 1000 psi. This value 
represents the force required to rupture the bond of a 1-in- 
square X !/,-in-thick specimen by edgewise loading through the 
medium of a 10-mm steel ball. 

The shear strength of parallel-laminated and cross-laminated 
papreg by the Johnson-type double-shear method was about 20 
per cent greater edgewise than flatwise; and both edgewise 
and flatwise shear strength for parallel-laminated papreg was 15 to 
20 per cent greater perpendicular to the fiber direction than 
parallel to the fiber direction. 

The modulus of elasticity in shear, or the modulus of rigidity G 
(the modulus associated with shear distortions in the surfaces of 
the sheet and in planes parallel thereto) is about 900,000 psi. 

The bearing strength of '/s-in. papreg, determined from ten- 
sile-type tests of standard specimens having a hole diameter 
of 1/s in., is approximately 25,000 psi. Tests of standard 4°/,- 
in. X 15/,s-in. specimens, having a hole of 1/, in. diam and cen- 
tered in the width at a distance of */, in. from one end of the 
specimen, failed in tension across the net section before the 
specified 4 per cent deformation of the hole diameter occurred. 
For these tests, the average deformation of hole diameter at 
failure and corresponding ultimate stresses were 3.65 per cent 
and 28,000 psi, respectively, for parallel-laminated (lengthwise) 
papreg, and 3.69 per cent and 26,500 psi, respectively, for cross- 
laminated papreg. 


Papreg has a flatwise Izod strength of from 2 to 6 ft-lb per in. 
of notch; whereas edgewise values are on the order of 0.5 to 0.7 

Typical tensile and compressive stress-strain diagrams «are 
presented in Figs. 3 and 4. Each curve presents actual load- 
deformation data for individual specimens that have properties 
in close agreement with the average of the group. The material 
exhibits good elastic behavior up to a well-characterized propor- 
tional or elastic limit stress, but upon further stressing shows a 
plastic behavior or nonlinear relationship between stress and 
strain. Papreg, not unlike-many thermosetting plastics, has 
comparatively little ductility, and ultimate failures in tension 
occur without a marked yield point and at relatively small strains. 

Directional properties of papreg, based on a limited number 
of tests, are presented in Table 3. These results indicate that 
the cross-laminated material is essentially isotropic in the plane 
of the sheet. In general, the 45-deg properties of the cross- 
laminated material are equal to or slightly better than the length- 
wise or crosswise values, whereas the values of the parallel-lami- 
nated material at 45 deg are essentially intermediate between 
those at 0 and 90 deg to the fiber direction. 

Fatigue. Constant-strain flexural-fatigue studies were con- 
ducted in a room maintained at 80 F, and 50 per cent relative 
humidity. Test specimens were of '/s-in. papreg, similar in 
shape to that specified in Federal Specification L-P-406, except 
for slight modifications in dimensions found necessary in order 
to employ existing fittings of available Krouse flat-plate fatigue 
machines. 
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The flatwise flexural-fatigue strength for completely reversed 
bending stress at 100,000,000 cycles was about 7000 psi for cross- 
laminated (lengthwise) papreg; and 7700 and 5800 psi for papreg 
parallel-laminated lengthwise and crosswise, respectively. Fa- 
tigue limits of papreg at higher induced stresses are indicated in 
the S-N diagram, Fig. 5. 

Fatigue limits were determined by the deflection method (5), 
wherein specimens are considered as having failed when the de- 
flection produced by the reapplication of the initial load shows a 
marked increase in its rate of change. 

The greatest increase in specimen temperature above the 
ambient temperature was 60 deg F at 14,000 and 12,000 psi for 
cross-laminated and parallel-laminated crosswise specimens, re- 
spectively. Temperature increases at a fatigue limit of approxi- 
mately 10,000,000 cycles were: Cross-laminated, 11 deg F at 
8000 psi; parallel-lengthwise, 10 deg F at 9800 psi; and parallel- 
laminated papreg, crosswise 15 deg F at 6700 psi. Tempera- 
ture increases at the 100,000,000-cycle limits were only 2 to 3 deg 
F, except for the parallel-crosswise, which increased 10 deg F 
above the ambient temperature. Fatigue strengths, shown in 
Fig. 5, were not corrected to include any calculated reductions 
due to thermal effects. 

Flammability. Flammability or  rate-of-burning tests of 
'/;in. X 6-in. specimens of '/s-in. papreg indicated the material 
to be self-extinguishing. The average flaming and glowing time 
which persisted following removal of the Bunsen burner after the 
second application was 1 and 2 min, respectively. The maximum 
spread of char did not exceed */, in. The charred end increased 
about 50 per cent in thickness. 

Abrasion. Abrasion-wear tests of papreg of 1.4 specific gravity 
were conducted on a Taber abraser employing CS-17 wheels and a 
1000-g load. One thousand revolutions produced a loss in weight 
of 0.0168 g. 

Thermal Expansion. The coefficients of linear thermal ex- 
pansion of papreg were greater in the direction of compression 
perpendicular to the laminations than in the plane of the lamina- 
tions. Test specimens were heated for 24 hr at 105 C, and then 
stored in a desiccator over phosphoric anhydride, prior to test. 
Results of a few measurements made on 1-cm square specimens, 
(1 em long for the measurements in the direction of compression 
normal to the laminations, 3 cm long for the linear measurements 
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tween —50 C and +50 C + 2 deg C in centimeters per centi- 
meter per degree Centigrade, were as follows: 
Linear coefficients of parallel-laminated papreg: 


5.73 X 10~¢ in plane of laminations, lengthwise 
15.14 X 10° in plane of laminations, crosswise 
65.10 X 10~¢ perpendicular to plane of laminations, flatwise 


Linear coefficients of cross-laminated papreg: 


10.89 X 10~-* in plane of laminations parallel to fiber direction of 
one half of laminations 
62.20 X 10~-® perpendicular to plane of laminations, flatwise, be- 
tween +52.3 C and —25.2 C 


The expansion was linear or essentially linear over the whole 
range investigated, except for the portion of the cross-laminated 
material in the plane of the laminations above +25 C, which 
curved downward. It may be noted that the linear coefficient 
of thermal expansion in the plane of the laminations for the cross- 
laminated papreg lies midway between that of the lengthwise and 
crosswise linear coefficients of parallel-laminated papreg, in the 
same manner as the tensile and flexural properties do. 

Poisson’s Ratios. The results of a few determinations of Pois- 
son’s ratios on papreg are available. Six specimens 31/2 in. 
long, 1 in. wide, and !/2 in. thick were tested. Two of the speci- 
mens were of cross-laminated material. Two were of parallel- 
laminated material tested lengthwise. Two were of parallel-lami- 
nated material tested crosswise. The following definitions ap- 
ply to parallel-laminated material: 


Poisson’s ratio of contraction in direction parallel to 

plane of laminations and perpendicular to machine 

direction of paper to extension in machine direction, 

due to a stress applied in machine direction 

“tte = Poisson’s ratio of contraction in direction normal to 
plane of laminations and perpendicular to machine 
direction of paper to extension in machine direction, 
due to stress applied in machine direction 

Similarly and “pr. 


The same definitions may be used for cross-laminated mate- 
rial, since for this material MLT = PTL, HLR = PTR; and MRL = BRTr- 
The results of the few tests are as follows: 

Parallel-laminated specimens tested crosswise, wp, = 0.195 
and upp = 0.450; tested lengthwise, uz,z = 0.394, and ure = 
0.508. 

For cross-laminated material, uz7 = 0.283 and upp = 0.484. 


MLT 


EFFECT OF SERVICE CONDITIONS 


Since the applicability of any engineering material depends 
not only upon its normal strength properties, but also upon its 
general behavior under service conditions, a number of studies to 
determine the effect of such factors as temperature, moisture, 
freezing and thawing, accelerated weathering, and natural 
aging and weathering have also been conducted.* Some data 
on the effect of environmental conditions on the mechanical 
properties of organic plastic materials have been published (8, 9). 
Some data have also appeared on the temperature and moisture 
characteristics of high-strength paper laminates (5, 10, 11). 

Temperature. The temperature-strength relationships of pap- 
reg in tension, compression, and flexure at —69 F, 75 F, 158 F, and 
200 F are presented in Fig.6. Each point represents the average of 
five or six tests. In general, the strength properties of papreg 
show a decrease with increasing temperature. This behavior is 
characteristic of cellulose-filled phenolic compositions and 
plastics in general. Impact strength (Izod test), however, did not 


3 Experiments have been completed at the Forest Products Labora- 
tory on the effect of service conditions, and it is anticipated that 
the results will be published in the near future. 
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in dimensions. These characteristics are common to cellulose 
compositions. Tension, compression, static-bending, and bearing 
tests were made on specimens taken from '/s-in. panels of 
parallel- and cross-laminated papreg, conditioned for 100 days to 
approximate equilibrium at 75 F and 50 per cent relative humid- 
ity, and at 8O F and relative humidities of 30, SO, and 97 per 
cent, and from panels immersed in distilled water at 75 F. 

The parallel-laminated 
lengthwise) and cross-laminated papreg, expressed as a percent- 


moisture-strength relationships of 
age of the strength properties at 75 F and 50 per cent relative 
humidity, are indicated in Figs. 7 and 8, respectively. The data 
show that the modulus of elasticity is least affected by moisture; 
and proportional or elastic limit, the most affected; also, that 
parallel-laminated and cross-laminated materials differ but little 
with respect to the effeets of inerease in moisture. The two 
types of papreg exhibited similar reductions in tensile and com- 
pressive properties at corresponding moisture levels, except in 
ultimate strength. The percentage reduction in compressive 
strength was approximately 2 or 3 times that produced on the 
tensile strength for a given increase in moisture. Decreases in 
static bending and bearing strength due to moisture increases 
were less than those in tension and com- 
pression, 
A few 


effect. of 


the 
hardness of 


to determine 
the 
papreg by the standard Rockwell inden- 
tation 


tests made 


moisture on 


tests indicated a decrease in M 
values from 108 for material conditioned 
at 30 per cent relative humidity to 65 
for material conditioned at 97 per cent 


relative humidity. 
A few shear modulus tests (G) on !/s- Fae 

in. 5in. X 5-in. specimens, condi- Ay 

tioned at 97 per cent relative humidity 

and tested wet, indicated a modulus of Ue ae ae 

rigidity of 677,000 psi for parallel-lami- 

nated papreg and 707,000 psi for cross- 


This 
loss in shear modulus with 
values at 50 per cent relative humidity of 
approximately 20 to 25 per cent due to 14) ++ 4 
moisture increases of approximately 10 
per cent. 

Typical tensile and compressive stress- 
strain diagrams, for papreg under various 
humidity and immersion conditions, are 
shown in Figs. 9 and 10. Each curve 
represents actual load-deformation data 
for an individual specimen whose prop- 
erties are in close agreement with the 
average of the group. 

The curves show that papreg in ap- 
proximate equilibrium with high humid- ot 
ity and immersion conditions exhibits a 7 
plastie type of behavior throughout the 
greater portion of its stress range, with a 
limited elastic range. 

Fig. 11 shows the rate of moisture gain awe: 
of 12-in-square panels of '/s-in. papreg ; 
used in the moisture-strength evalua- 
tions. The conditioning time in days 
is plotted against the per cent increase LE RLY 
in moisture or weight rather than against PPPs 
moisture content, the actual 
moisture content was not determined. 
An approximation, based on extrapo- 


laminated papreg. indicated a 


respect to 


because 
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lation methods, indicated a decrease in weight of approximately 
0.5 per cent between 30 and 0 per cent relative humidity. 

Data for panels conditioned in 30 per cent relative humidity are 
not shown because the change in weight was approximately 0.1 
percent. Hence papreg having a volatile content of 4.5 per cent 
before molding was found to be in equilibrium with 80 F and 30 
per cent relative humidity conditions after molding. Panels 
exposed to 50 per cent relative humidity reached weight equilib- 
rium in 100 days and had increased less than 1 per cent in 
weight. Those panels exposed to 80 and 97 per cent relative 
humidities for strength evaluations reached only 85 and 90 per 
cent of weight equilibrium, respectively, in 100 days. These 
percentages were based on the behavior of companion panels 
retained in these humidities until weight equilibrium was reached 
after 200 to 250 days. Approximate weight increases for these 
panels at equilibrium were 5 per cent at 80 per cent relative 
humidity, and 10 to 11 per cent at 97 per cent relative humidity. 
Panels immersed in water also reached approximate weight 
equilibrium in 250 days and had increased approximately 17 
Consequently, the strength relations indi- 
cated for papreg, exposed to 80 and 97 per cent relative humidity, 


per cent in weight. 
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are slightly higher than may be expected at equilibrium moisture 
content. 

The principal dimension change of papreg, incident to increase 
in weight due to moisture gain, is in thickness (direction of mold- 
ing pressure). The increases in thickness and in weight, ex- 
pressed as percentages of the original values, are approximately 
equal. From a relatively dry condition (24 hr at 122 F) to 
equilibrium at 97 per cent relative humidity, !/,.-in. parallel- 
laminated papreg increased 0.09 per cent in length, and 0.48 per 
cent in width; '/,-in. cross-laminated papreg increased 0.22 
per cent in length and 0.18 per cent in width. 

Freezing and Thawing. Freezing and thawing investigations 
of papreg, exposed to the moisture conditions previously de- 
scribed, did not indicate significant effects on strength beyond 
those attributed to moisture. The freezing-and-thawing cycle 
employed consisted of 1 hr of freezing at —30 F, followed by 1 hr 
of thawing at 80 F, in the respective chambers in which the 
material was conditioned. Strength tests were conducted follow- 
ing 36 and 95 cycles of exposure. 

Accelerated Weathering. Papreg '/s in. thick, exposed to ten 
24-hr cycles of irradiation and wetting (sun lamp and fog) in ac- 
cordance with Federal Specification L-P-406, showed an increase 
in certain strength properties, as compared to papreg conditioned 
at 75 F, and 50 per cent relative humidity. In tension, for in- 
stance, the improvement based on average values was 4 to 13 
per cent in ultimate strength, 4 to 7 per cent in Young’s modulus, 
and 4 to 6 per cent in yield stress at 0.7 per cent strain. In com- 


pression, the improvement was 5 to 10 per cent in ultimate 
strength, and 2 to 3 per cent in Young’s modulus. 

The physical changes resulting from the exposure were a de- 
crease of approximately 2 per cent in weight, between 1 and 2 
per cent in thickness, and a color change from a light-yellow- 
brown to a mottled dark-reddish-brown. No checking, warp- 
ing, blooming, crazing, or delamination was apparent. To ail 
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appearances, the simulated sunlight had no deteriorating effect. 
Instead, irradiation had a drying effect which resulted in in- 
creased strength. 

Natural Weathering. Outdoor exposure tests of 11-in-square 
panels of '/,, '/s, and */;in-thick papreg were conducted at 
Madison, Wis. The panels were mounted flatwise on exposure 
racks facing south and inclined 45 deg. During 15 months of 
continuous exposure, the appearance of the exposed surface 
changed from a glossy yellow-brown to a dull gray-brown. There 
were no indications of blooming, crazing, or delamination. 
Changes in strength properties attributed to weathering have 
not yet been determined. 
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External Corrosion of Furnace-Wall Tubes—I 
History and Occurrence 


By W. T. REID,’ R. C. COREY,* anv B. J. CROSS‘ 


Since 1942, many large central-station boiler furnaces 
burning pulverized coal and removing the ash as molten 
slag have experienced external corrosion of furnace-wall 
tubes. In a few cases the loss of metal was so severe as 
to cause failure of tubes during operation, in others, 
seriously thinned tubes had to be replaced to prevent 
unexpected interruption of service. Because the rate of 
corrosion under certain conditions may be so high as 
seriously to weaken the tubes between normally sched- 
uled inspections, operators charged with the continuous 
production of power under wartime emergency conditions 
have been greatly concerned over prevention of further 
corrosion. To expedite the solution of the problem, a 
co-operative investigation was instituted between the 
Bureau of Mines and the Combustion Engineering Com- 
pany. This report gives the results of the preliminary 
study of the occurrence of external corrosion, 16 furnaces 
in 13 stations being examined. Corrosion was found to 
occur when the temperature of the tube metal was in 
the normal range for boiler furnaces, usually not exceed- 
ing 700 F, while the maximum temperatures observed 
were less than 900 F. Deposits in corrosion areas are 
shown to be of two types, one having the appearance of a 
bluish-white porcelain enamel, being largely soluble in 
water in which it produces an acid reaction, and con- 
sisting principally of sodium and potassium sulphates in 
a complex form. The second type is iridescent blue or 
black, is insoluble in water, may contain significant 
amounts of carbon, and consists primarily of iron sul- 
phide. Because of the greater incidence of the sulphate 
deposit, its study was made first and is reported in detail 
in a following report.® 


INTRODUCTION 


OSS of metal externally from wall tubes has, in recent years, 
been one of the major problems facing the operators and 
manufacturers of pulverized-coal-fired slag-tap furnaces. 

Although tube failures definitely identified as resulting from this 
type of corrosion have been rare lately, largely because seriously 
affected tubes have been located by frequent inspections and 

‘Published by permission of the Director, Bureau of Mines, 
United States Department of the Interior, Washington, D. C., and 
the Combustion Engineering Company, Inc., New York, N. Y. 

2 Supervising Engineer, Fuel Section, Bureau of Mines, Pitts- 
burgh, Pa. Mem. A.S.M.E. 

3 Research Chemist, Combustion Engineering Company, Inc., 
New York, N. Y. 

‘Research Engineer, Combustion Engineering Company, Inc., 
New York, N. Y. Mem. A.S.M.E. 

‘Part II of this study appears on page 289 of this issue of the 
Transactions. 

Contributed by the Pittsburgh Experiment Station, U. S. Bureau 
of Mines, and presented under the auspices of the Research Com- 
mittee on Furnace Performance Factors in co-operation with the 
Fuels and Power Divisions at the Annual Meeting, New York, N. Y., 
Nov. 27-Dee. 1, 1944, of THe AMERICAN Society OF MECHANICAL 
ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


have been replaced before actual failure occurred, earlier losses of 
tubes may have been caused by external corrosion although at- 
tributed at the time to other conditions, such as internal de- 
posits or faulty circulation. 

Since early 1942, when it was demonstrated conclusively that 
external corrosion was resulting in a decrease in the thickness of 
furnace-wall tubes, the efforts of many investigators were di- 
rected toward determining means of preventing further loss of 
metal and studying the reactions involved. Beeause of the war, 
many central stations were operating under exceptionally heavy 
load demands, and excessive outages for repairs made the problem 
acute. Asa result, in a few furnaces where the rate of corrosion 
was high, various engineering changes were made which resulted 
in arresting further active corrosion. However, it was believed 
that fundamental studies to identify the materials causing cor- 
rosion and to understand the mechanism of the action would be 
required before any real control of external corrosion would be 
possible. It was realized that such data might not in them- 
selves indicate feasible methods of preventing corrosion but that, 
by pointing out the factors most important in causing loss of tube 
metal, the effectiveness of various corrective procedures could be 
evaluated before their application. 

Because it was recognized early that external corrosion was 
associated with the deposits of slag on wall-tube surfaces (cor- 
rosion occurring apparently only under slag deposits), the Bureau 
of Mines became interested in the problem as part of its con- 
tinuing study of the properties of coal-ash slags at high tem- 
peratures. Previously, the Combustion Engineering Company 
had been intensively investigating external corrosion in the field, 
and because it appeared that a mutual study would result in a 
more effective solution of the problem a co-operative investiga- 
tion was begun in June, 1942. This report and others® in this 
series present the results of this co-operative study. 


HisroricaL REVIEW 


Although considerable work has been done on the corrosion of 
air heaters, economizers, and other units at temperatures where 
condensation of sulphurie acid is possible, few references have 
been found in the literature to the occurrence of external cor- 
rosion at the higher temperatures existing in furnaces. The 
earliest recorded account is by Stromeyer,* who in 1917 de- 
scribed the decrease in thickness from 7/;5 in. to */32 in. of boiler- 
shell plates, the corrosion area being covered with a scale con- 
sisting principally of ferric oxide and a sulphate, which he de- 
scribed as dehydrated iron sulphate. Although he explained the 
loss of metal as occurring during idle periods from the action of 
sulphurie acid, formed by condensation from the flue gases, he 
also mentions that when the examination was made there was 
not the least indication of moisture or of apparent corrosion due to 
dampness. Further, this sulphate scale was found to be present 
over most of the heating surface of the boiler, suggesting that it 
may have been deposited during operation when temperatures 
were too high to permit condensation of sulphurie acid. 

The first instance of external corrosion on which direct informa- 
6 ‘*Memorandum by Chief Engineer for the Year 1917-1918,” by 


C. E. Stromeyer, Manchester Steam Users’ Association, 1918, pp. 
13-15. 
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tion is available for this report occurred in September, 1934, 
in the No. 13 boiler at Springdale Station, when an unusual failure 
of a wall tube led to close inspection of the furnace. It was found 
that many of the tubes in the walls adjacent to those in which the 
opposed burners were located had flattened surfaces and that as 
much as 0.12 in. of metal had been lost externally in some loca- 
tions. Although consideration was given to the possibility that 
the metal had been lost by abrasion, the appearance of the sur- 
face was such as to indicate that some form of chemical attack 
had been taking place. Also, the inspection showed that the 
flattened surfaces were arranged in an elliptical pattern beginning 
at about the 5th tube from the corner, gradually increasing to a 
length of about 7 ft at the 12th tube, and decreasing rapidly to 
the 19th tube. Since this occurred from each corner on the side 
walls, only about 5 tubes in the center of each wall were un- 
affected. Additional tube failures in November, 1934, and 
March, 1935, led to the replacement of all the corroded tubes. 

Because the importance of this type of corrosion was not then 
apparent, it being considered that the loss of metal had been 
gradual over the 5 years the furnace had been in service, no pro- 
found study of the problem was made. A sample of the slag de- 
posit on the tube showed the presence of iron sulphide, and the 
explanation at that time, without knowledge of the actual 
tube-metal temperature, was based on the solubility of the tube 
metal in molten ferrous sulphide. Another inspection of the 
furnace in April, 1942, showed that the tubes, installed as replace- 
ments in 1934, were in good condition and that further corrosion 
apparently was not occurring. At the same time the original 
tubes in the burner walls were examined, and a maximum loss of 
0.06 in. of metal was noted in one location, again indicating that 
loss by abrasion through flame impingement was not a primary 
factor. However, since these tubes had been in continuous service 
for 13 years, this loss was not considered significant. 


As described in a report of the Edison Electric Institute,’ 
external corrosion was observed first in furnaces at the Schuylkill 
Station of the Philadelphia Electric Company in December, 
1939, but the significance of the attack again was not recognized, 
the loss of metal being attributed to other factors involved in 
operational difficulties. A similar type of corrosion also was ob- 
served in November, 1940, at the 12th Street Station of the 


Virginia Electric and Power Company. In November, 1941, in- 
spection of the Schuylkill furnaces showed that rapid corrosion 
had been occurring since an examination made 3 months earlier 
and the condition then was recognized as being extremely serious. 
Thereafter, furnaces in other stations were examined as they be- 
came available and external corrosion was found to be occurring 
in many installations. Additional information on the Schuylkill 
furnaces was reported by Gethen,® who also stressed the im- 
portance of controlling the admission of secondary and tertiary 
air so as to maintain oxidizing conditions over the tube surface, 
Like the Springdale furnace, corrosion usually was found in 
definite patterns associated with direction of the flame, and it 
was observed that a deficiency of air generally occurred in these 
zones. In arecent survey,’ Weisberg and Harlow each described 
briefly the loss of metal by external corrosion in different types 
of furnaces. 

External corrosion of wall tubes has been observed in this 
country to @ serious extent only in slag-tap furnaces; no refer- 
ences by foreign investigators to similar effects have been found, 
either because of the few such furnaces installed abroad or be- 


7™“Furnace Tube Corrosion,’’ Publication K-3, Edison Electric 
Institute, March, 1943. 

*“Tube Corrosion of Furnace Walls,”’ by G. S. Gethen, Power 
Plant Engineering, vol. 47, Oct., 1943, pp. 74-78. 

*Symposium on Furnace Performance Factors, THz AMERICAN 
Society or MECHANICAL ENGINEERS, May, 1944. 
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cause the condition has not been recognized as yet. However, 
data on the failure by external corrosion of a radiant-superheater 
tube in a furnace equipped with a traveling-grate stoker has been 
made available from England. This superheater, installed in 
front of a water-cooled wall, the tubes of which were coated with 
plastic refractory, raised the steam temperature approximately 
to 625 F. Loss of metal externally from the elements was noted 
after one tube had failed in service, several other tubes being 
thinned almost to the bursting point. Analysis of deposits from 
the corrosion areas showed the presence of appreciable amounts 
of alkali-metal sulphates and iron oxide. Examination and 
scaling tests of the tube metal indicated that the metal had not 
been overheated in service and that the loss of metal resulted from 
chemical action with the alkali sulphates, although the reactions 
leading to the loss of metal were not understood. 

Investigations by others directed toward determining the 
composition of deposits adhering to heat-receiving surfaces also 
have been made and, because of the obvious relation to external 
corrosion, will be mentioned briefly. External deposits of silicon 
sulphide have been described by Lessnig,'"® who suggested that 
the reaction of silica with pyritic sulphur according to the equa- 
tion 


SiO, + FeS + 2C = SiS + Fe + 2CO 


would be particularly objectionable because it would produce a 
sticky surface to which fly ash or slag could adhere easily. Klee- 
berg!! mentions a deposit containing greatly increased magnesium 
oxide and alkalies over that in the coal ash and believes that these 
constituents are responsible for its objectionable nature. Be- 
cause this deposit is found as a hard sintered mass he suggests 
the formation of a hydraulic cement through reaction of moisture 
with silica, alumina, and lime, although such an explanation 
neither takes into account the high temperatures in deposits on 
tube surfaces during operation nor the presence of alkalies and 
sulphates in moderately large quantities. 

Recent work in England has developed interesting results. 
Although no mention is made of external corrosion, interest being 
solely in the formation of deposits on furnace and boiler tubes, 
the similarity in the materials described'? to those found on 
corroded wall tubes in this country is striking, usually being 
white, about 50 per cent water-soluble, and containing a high 
percentage of alkali-metal sulphate. Because these deposits 
were found on the tubes of furnaces equipped with chain-grate 
stokers, attempts were made to control deposition of the mate- 
rial by changes in burning conditions, and it was shown that 
factors such as thickness of fuel bed, rate of air supply, and ten- 
dency to produce blowholes were important. 

As the result of tests made in a small laboratory furnace, it was 
stated that no simple correlation between the production of de- 
posits and the fuel-bed temperature could be obtained as meas- 
ured by a platinum-rhodium thermocouple. However, it appears 
that some relationship must exist, for the deposits were produced 
in the small underfeed furnace after the plane of ignition had 
reached the grates, which is the beginning of the period of highest 
fuel-bed temperatures. 

Attempts to prevent the formation of deposits by chemically 
treating the coal were unsuccessful, deposits continuing to form 
despite the addition of either acidic or alkaline substances. In 
this study it was also observed that, during the period when de- 


10 “Chemical Action in the Fouling and Clinkering of Boiler Plant 
and Gas Producers,”’ by R. Lessnig, Feuerungstechmik, vol. 28, 1940, 
pp. 145-149. 

11“Salts in Raw Brown Coal Which Are Harmful for Boiler 
Firing,’’ by W. Kleeberg, Braunkohle, vol. 39, 1940, pp. 94-97. 

12 “Deposits on External Heating Surfaces of Water-Tube Boilers,” 
Biennial Report, British Coal Utilities Research Association, 1940- 
1941, pp. 19-36. 


A 
Be 
‘ 
be 
PS 


Rated 
Boiler Pressure, capacity, 
Station no. Type psi lb per hr 
Buzzard Point 3 Continuous slag-tap 690 425000 
Chester 20 Continuous slag-tap 1350 600000 
Firestone 21 Intermittent slag-tap 1285 300000 
Kearny Dry-bottom 140 (Mercury boiler) 
“L”’ Street 76 Dry-bottom 1200 375000 
Northeast 14 Continuous slag-tap 1275 300000 
Northwest 1-7 Continuous slag-tap 1325 425000 
12th Street a Intermittent slag-tap 900 450000 
Reeves Ave. 21 Intermittent slag-tap 850 450000 
Schuylkill = Continuous slag-tap 1350 600000 
Springdale 13 Intermittent slag-tap 375 300000 
Waterside 42 Continuous slag-tap 1350 500000 
61 and 62 350 615000 
Windsor 72 and 82 Continuous slag-tap 1350 750000 
0.025-0.050 
0. 100-0. 150 


Very severe.... 
>’ Estimated. 


>0.150 

posits were forming, a characteristic spectrum appeared in the 
secondary flame, and that spectroscopic methods could be used 
to indicate the presence of conditions resulting in the formation of 
deposits. This suggests that such methods might be applicable 
in developing a detector to predict the occurrence of conditions 
permitting wall tubes to corrode in any given furnace. 

In a continuation of this work,'*® analysis of the water-soluble 
portion of these deposits confirmed that it was largely a mixture of 
sulphates. The low melting point of mixtures of several sul- 
phates as determined in the laboratory suggested that the water- 
soluble fraction of the deposits was responsible for its low sinter- 
ing temperature and, consequently, its objectionable nature. 
Because of possible connection between segregation of ash con- 
stituents and the formation of tube deposits, further work on this 
interesting phase is being conducted. 

Although at first glance these investigations may not appear 
to be closely related to the problem of external tube corrosion 
in pulverized-coal-fired furnaces, the deposits described proba- 
bly are of the same fundamental origin, and information on 
their possible control, as by treating the coal chemically, would 
have tremendous importance. That such control methods were 
not found to be effective in chain-grate operation suggests the 
futility of attempting similar fuel modifications in furnaces burn- 
ing pulverized coal. 


SCOPE OF INVESTIGATION 


The objectives of this investigation have been (1) to determine 
the conditions under which external corrosion occurs in actual 
operating furnaces, (2) to identify the materials causing corrosion 
and to learn their source, (3) to discover the mechanism by means 
of which corrosion oceurs, (4) to duplicate corrosion in relatively 
small-scale laboratory tests under controlled conditions, and (5) 
to develop feasible methods of preventing further loss of metal. 
This report describes the occurrence of corrosion in the field and 
illustrates briefly the conditions associated with loss of metal. 


Srupies 


Examination of Furnaces. The early part of this study was 
concerned with factors related to the occurrence of corrosion; 
thus inspections were made of 16 furnaces in 13 stations to de- 
termine the loss of metal that had occurred and to obtain in- 
formation on conditions at the surface of the tube, such as metal 
temperature and gas composition. In most cases, samples of 
deposits from the corrosion areas also were obtained for laboratory 


'S “Deposits on External Heating Surfaces of Water-Tube Boilers,” 


sane Report, British Coal Utilities Research Association, 1942, pp. 
18-32. 
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TABLE 1 FURNACES EXAMINED FOR EXTERNAL TUBE CORROSION 


Combustion Heat 
rate, release, Severity 
Btu per hr Btu per hr of 
Type of fuel per cu ft per sq ft corrosion® 
Medium-volatile bituminous coal 25600 Very severe 
Medium-volatile bituminous coal 28700 63200 Slight 
High-volatile A bituminous coal 28800 138500 Moderate 
Medium-volatile bituminous coal 18540 1950 Slight 
Medium-volatile bituminous coal 27600 153000 Negligible 
High-volatile C bituminous coal 28600 147500 Negligible 
High-volatile C bituminous coal 24800 114500 Moderate 
Medium-volatile bituminous coal 27100 142000 Very severe 
27100 131000 Severe 
Medium-volatile bituminous coal 30200 138000 Slight 
Medium-volatile bituminous coal 29400 170000 Moderate 
Moderate 
High-volatile A bituminoug coal 250006 900005 Moderate 
Medium-volatile bituminous coal 30200 168590 Moderate 
28700 169500 Moderate 
High-volatile B bituminous coal 24300 144300 Severe 


examination and analysis. These data not only helped to deter- 
mine the extent of corrosion in individual furnaces and the effec- 
tiveness of early corrective measures but also served as a guide for 
the later laboratory experimentation. For instance, data ob- 
tained on the temperature of tube metal under the usual range of 
operating conditions showed that studies of reactions occurring 
at temperatures much in excess of 1000 F obviously would not be 
applicable; thus the field data outlined the range of temperatures 
over which laboratory experimentation should proceed. Simi- 
larly, data on the composition of deposits in contact with the 
corroding surface and gases adjacent to the slag covering also 
were necessary to indicate the ranges of these variables associated 
with corrosion. 

The furnaces examined are listed in Table 1. All are fired with 
pulverized coal; two use dry-bottom ash removal and the 
remainder slag-tap. Pressures on the units range from 375 
to 1350 psi, the majority being at the higher pressure; the 
corresponding saturated-steam temperatures range from 438 F 
to 582 F. The Kearny mercury boiler is unusual in that alloy 
tubes are involved, and the metal temperature is considerably 
higher than that of steam-generator tubes. As noted later, the 
type of corrosion existing in this unit is different from the other 
furnaces examined. The rated capacity of the boilers varies from 
300,000 to 750,000 Ib of steam per hr; consequently, these units 
are representative of the size of boiler commonly in use in cen- 
tral-station power plants. For the steam-generating units, the 
design rates of combustion range from 24,300 to 30,200 Btu per 
hr per cu ft of furnace volume. The heat release, expressed as 
Btu per hour per square foot of furnace surface, varied between 
114,500 and 170,000 for the tangentially fired units and was 
63,200 for the open-pass furnace at Chester Station. The fuel 
burned varied from high-volatile C bituminous coal to medium- 
volatile bituminous coal. The lower-rank coals were of partic- 
ular interest because they contained greater quantities of sul- 
phur, but no relationship could be detected between the sulphur 
content of the fuel and the occurrence or extent of corrosion. 

An approximate indication of the severity of corrosion is given 
by the maximum observed loss of metal at the time the furnace 
was inspected. Because the time interval over which this loss 
occurred was seldom known, the rate of corrosion cannot be 
deduced except in a very general way, but, based on routine 
periodic inspections in most cases where severe loss of metal took 
place, it appears that the period of active corrosion was short 
and, consequently, that the rate was high. 

Cross sections of typically corroded furnace-wall tubes are 
shown in Fig. 1. Although none of these tubes failed while in 
service, inspection of the furnace disclosed thinning, and sections 
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of the tubes were removed for examination. It is obvious in 
some that additional loss of metal would allow failure. No un- 
usual internal conditions that might have resulted in excessive 
metal temperatures or other interference with normal behavior 
were revealed in any of the specimens. 

Tube-Metal Temperature. Measurement of the surface tem- 
perature of wall tubes was obtained by peening thermocouples 
into the tube along the center line of the normal surface exposed 
to the furnace; the lead wires were protected by thin cover plates 
welded to the tube. Being located no deeper than '/¢ in. below 
the surface, these thermocouples furnished information on the 
temperature of the metal at the point where corrosion could oc- 
eur. A survey of an installation of 17 such thermocouples in 
one wall of the No. 24 boiler at Schuylkill Station, together with 
the pattern of the corrosion area, is shown in Fig. 2. Observed 
temperatures ranged from 590 to 710 F; the maximum tempera- 
ture at any time was 860 F, 6 hours after lighting off; this tem- 
perature gradually decreasing to approximately 700 F. 

As shown in the upper part of Fig. 2, the average temperatures 
at the 4-ft elevation were higher in the area where no corrosion 
occurred. This suggests that the influence of temperature on ex- 
ternal corrosion may not be too important in the range 600 to 1000 
F. Inspection of furnaces when cold often discloses slag adher- 
ing tightly to the tube metal in corrosion areas, whereas else- 
where normal contraction on cooling may cause the slag to loosen 
and drop off. Consequently, a lower average temperature in 
corrosion areas may result from differences in the manner in 
which the slag layer adheres. 

In Fig. 3, the temperature of point A in the corrosion area and 
point B outside it, which are at approximately the same eleva- 
tion, are compared over a period of 30 hr, the temperature of A 
being less than that of B except for a short period before deslag- 
ging, probably as the result of a temporary, unusually thin slag 
deposit at point A. After a 2-hr period of reduced load (at 
about 50 per cent of rating) to permit deslagging, the temperature 
of A again was less than that of B, confirming the fact that aver- 
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age temperatures may be lower in tubes that are being corrode: 
than in near-by unaffected tubes. 
Metallographic examination of a corroded tube from this same 
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station shows no perceptible differences in microstructure be- 
tween the metal at the point of corrosion and the metal at the 
rear face of the tube where the temperature must have been 
approximately at the saturated-steam temperature, 585 F. 
Microstructures of this tube at magnifications of 100 X and 500 X 
are shown in Fig. 4. It is obvious that no unusual changes have 
occurred in the metal in the corrosion area, as compared to the 
remainder of the tube. No decarburization has occurred at 
either position, and there is no intergranular penetration of oxides; 
this is typical of most tubes studied metallographically in this 
investigation. However, at the 12th Street Station, some inter- 
granular penetration has been observed in badly thinned tubes. 
Also, the extent of spheroidization is the same in both specimens 
shown in Fig. 4, indicating that it resulted from temperatures in- 
volved in fabrication of the tube rather than from excessive tem- 
peratures during service, in which case the cool side of the tube 
would have shown pronouncedly less spheroidization than the 
hot side. That it did not do so is additional evidence that where 
corrosion occurred the tube metal had not been overheated. 
Studies of tubes from other installations show similar results, in 
no case indicating that the decreased wall thickness resulted from 
oxidation caused by excessive temperature. It is also interesting 
to note that no intergranular penetration was observed in the 
corrosion areas, except at 12th Street, as previously noted, and 
that there was no evidence of the presence of eutectics of the 
system iron-sulphur. 

As the result of these studies, it was apparent that corrosion 
could occur at metal temperatures of less than 1000 F, and that 
active corrosion often was present at temperatures as low as 600 
F. As noted previously, these studies aided in establishing the 
limits of the laboratory investigation so that particular emphasis 
was placed on reactions occurring between 600 and 1000 F. 

Composition of Furnace Gases; (a) Carbon Monoxide. Prompted 
by the visual observation that flame often was coming in 
contact with the tubes or their adherent slag, surveys of various 
furnaces were made early in the study to determine the com- 
position of the products of combustion adjacent to the slag cover- 
ing in the corrosion area. Such studies showed that carbon 
monoxide usually was present, occasionally being as high as 6.5 
per cent, and that in areas where carbon monoxide was absent. no 
corrosion could be detected. A typical case where carbon 
monoxide in contact with the slag covering is shown in relation 
to the corrosion area appears in Fig. 5, for the same boiler but for 
the opposite wall for which temperatures were reported in Fig. 2. 
It will be noted that carbon monoxide ranged from 0.9 to 4.9 
per cent in the corrosion area. In an adjacent zone where 2 to 3 per 
cent carbon monoxide was present, some loss of metal may have 
occurred, but it is obvious that there would be no sharp line of 
distinction between corroded and unaffected tubes. When 
carbon monoxide was absent consistently, or present only oc- 
casionally in quantities not greater than 0.2 per cent, corrosion 
was not observed. These findings are substantiated by similar 
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studies made on other furnaces at Windsor, Reeves Avenue, Wa- 
terside, and Northeast stations. Because no means were avails- 
ble for sampling the gas actually in contact with the metal sur- 
face, there is no assurance that these gas analyses were truly re})- 
resentative of the composition of the products of combustion «1 
the point where corrosion was occurring. 

(b) Sulphur Dioxide. Because the analysis of deposits from 
corrosion areas showed that compounds of sulphur always wer 
present, the occurrence of this element in furnace gases also was 
investigated in the No. 24 boiler at Schuylkill Station. Fig. « 
shows the amount of total sulphur expressed as sulphur dioxick 
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present at various locations in the furnace. At both front and 
rear walls, the SO2 was highest near the floor of the furnace. At 
higher elevations, the SO: concentration at the front wall was xp- 
proximately twice that of the rear wall, but the extent and -c- 
verity of corrosion of both walls were about the same. Becatise 
of its low concentration, not exceeding 0.118 per cent by volume 
at any point, the effect of SO2 in causing increased loss of meta! 
by direct oxidation is negligible, as will be shown in the report 
following.’ 

The method of analysis used, which consisted of absorbing tle 
sample of gas in a dilute sodium-hydroxide solution containing 
benzyl alcohol and determining the sulphur forms by a double 
titration, indicated that sulphur trioxide was present only at 
the economizer outlet. However, these data are useful in show- 
ing the maximum amount of SOs from the furnace gases that could 
be present in contact with the surface of the tube had all the SO: 
been oxidized as the result of lower temperatures and the pres- 
ence of an active catalyst. As+will be shown in the next report 
the presence of SO; is necessary to permit one type of corrostor 
to occur, and the maximum quantity that can exist, as Just de- 
scribed, is of considerable importance. 

Rate of Heat Transfer. An additional factor is the rate of heat 
transfer, which has been considered important because it mi:y 
affect the temperature of both the tube metal and the adherinz 
deposit. Kreisinger and Patterson’ measured this properiy 
in a furnace in which active corrosion was occurring, one of their 
test units being mounted directly in a corrosion area in the No. 
18 boiler at the 12th Street Station in Richmond. A comparison 
between the heat absorbed in this position as compared to other 
zones in the furnace where no corrosion occurred is given 10 


“Heat Transfer to Water-Cooled Furnace Walls,” by H. Kreis 
inger and R. C. Patterson, Furnace Performance Factors Symposiu, 
Tue AMERICAN SocieTy oF MECHANICAL ENGINEERS, May, !‘44. 
pp. 71-78. 
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Fig. 7, which is based on their data. Although the rate of heat 
absorption is higher in the corrosion area than at other elevations 
of the same furnace wall, the difference is not striking, the rate 
being approximately 30 per cent greater than in the next higher 
position, where no corrosion has been observed. 

The importance of the rate of heat transfer would depend 
largely upon its effect on the temperature of the tube metal and 
on the temperature gradient through any deposits adhering 
to the tube. As already shown, the tube-metal temperatures in 
service, as measured with thermocouples, seldom exceed 700 F, 
nor are any data available indicating that temperatures greater 
than 900 F have occurred, even for short periods. For the tubes 
at the 12th Street Station, the maximum measured heat-absorp- 
tion rate of 108,000 Btu per sq ft per hr would result in a tem- 
perature gradient of only 86 F through the tube wall. As- 
suming no gradient through the steam film inside the tube, this 
would result in a tube-metal temperature of only 615 F. Even 
had the heat rate been increased to twice that observed, the tube- 
metal temperature could still have been but 701 F. Impaired 
circulation might have resulted in higher temperatures, but it is 
apparent that normal variations in the rate of heat transfer will 
have only a moderate effect on tube-metal temperature and that 
under no conceivable operating conditions in which circulation 
was adequate would the metal temperature exceed 1000 F. 

With respect to oxide films on the tube, the closely adherent 
thin layers caused by normal oxidation at temperatures in the 
range of 600 to 1000 F would not show large temperature gra- 
dients, but this item will be considered in greater detail in the next 
report® in discussing the effect of slag. 


Composition or Deposits 


During the earlier part of the investigation, samples of the 
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deposits on furnace wall tubes in corrosion areas were taken from 
most of the furnaces examined. Later when it became apparent 
that only two distinctive types of materials were being obtained, 
samples were taken only when it appeared that an unusual con- 
dition existed or when the loss of metal was unusually great. 

All available analyses have been tabulated and are listed in 
Table 2. It is evident that the number of samples analyzed for 
a given furnace is not a direct indication of the severity of cor- 
rosion being experienced in that unit, largely because of the diffi- 
culty of obtaining representative specimens from some installa- 
tions, or because it was felt desirable to direct attention largely 
to typical samples rather than to all those obtained during an 
inspection. Thus considerable time was spent on the samples 
from the 12th Street Station because they were easily obtained in 
large quantities, whereas at Schuylkill difficulty in obtaining satis- 


TABLE 2 ANALYSIS OF DEPOSITS IN CORROSION AREAS 
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factory samples discouraged quantitative analysis, most of the 
tests therefore being qualitative in nature. Moreover, for some 
stations no analyses are reported, either because no samples were 
obtained, or because upon examination they appeared to be of 
slight value in the study. ; 

Although the extent of corrosion observed in the area sampled 
is given in column 8, such data are only approximate and may 
vary widely from point to point. Furthermore, no completely 
satisfactory method has been devised as yet for measuring the 
loss of metal from tubes without removing sections of them from 
the furnace, which obviously is not practical in most instances. 
In all the cases reported, the surface of the tube in place was 
cleaned as well as possible by chipping and scraping, feeler 
gages then being used in conjunction with a “C” gage having the 
same diameter as the original tube. Because of the difficulty of 
cleaning the tube surface completely, these measurements were 
not always consistent, but the loss of metal reported is considered 
reasonably accurate. 

The analyses of the deposits (columns 5 to 20) were made by 
standard methods but not always for the same constituents be- 
cause of obvious differences in the deposits. In addition, the 
method of expressing data was adapted to individual conditions. 
Thus column 10 was used to express the quantity of iron in the 
sample in terms of equivalent metallic iron when that seemed 
justified, whereas in column 11, the eqnivalent iron was expressed 
as Fe,O; for othersamples. In the case of forms of sulphur, no such 
recalculation was made, the reported values in columns 14 and 15 
representing the actual quantity of sulphate or sulphide sulphur, 
respectively, in the sample. Alkalies, shown in columns 16 and 
17, were determined directly only on a few samples, largely be- 
eause of the difficulty of the analysis, but also because in most 
eases where the analysis otherwise was complete the alkalies 
could be determined by difference with sufficient accuracy. 
Early in the investigation, the pale greenish-blue color of one 
type of deposit was attributed to the presence of copper, and 
column 18 shows the copper content of several samples. Later it 
was evident that no significance need be attached to the small 
quantity present, and no further analyses for copper were made. 
Because of the black appearance of some specimens and other 
evidence that they came from strongly reducing areas, analyses 
were made for carbon on a few selected samples and are shown in 
column 20. It is apparent that, in some deposits, the presence 
of carbon may be significantly large. To distinguish between 
different types of deposits, their solubility in water is a useful 
guide, column 21 showing the solubility of most of the samples 
taken. A further important property is the acidity of the de- 
posits in aqueous solution, not because corrosion occurs as the 
result of damp surfaces during periods when the boiler is cold, 
but because it is an indication of the presence of materials radi- 
cally affecting the corrosive properties of the deposit at operating 
temperatures. This acidity is shown in column 22, which ex- 
presses the pH of a solution containing 1 g of the deposit in 100 
ml of distilled water, or nominally a 1 per cent solution. 


CHARACTERISTICS OF DEPOSITS 


With the exception of the Kearny mercury boiler, the deposits 
found in corrosion areas are of two distinct types, differing widely 
in characteristics and existing under different conditions. These 
two may be described briefly as the sulphate type and the sulphide 
type. 

Sulphate Deposit. This type of deposit occurs most often in 
areas where external corrosion has been observed and usually is 
found beneath a layer of slag. Because generally it has a glossy 
surface and closely resembles a fired-porcelain coating, it has often 
been referred to as “enamel.” Its color varies from an “off”’ white 
through greenish blue to pale blue and usually has more of a 
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bluish tint than green, The thickness of such deposits varies 
widely, ranging from only a few thousandths of an inch in some 
cases to as much as '/;, in. in others. Usually adhering strongly 
to the tube, thin layers may be moderately difficult to remove un- 
jess underlaid by a weak layer of iron oxide, in which case fracture 
can occur in the oxide itself. Thicker layers usually can be re- 
moved easily by chipping. For example, about 2 lb of a typical 
thick deposit was removed from the walls of the No. 17 furnace 
at the 12th Street Station to make up sample C-9, 

Reference to Table 2 indicates the wide occurrence of this 
type of deposit. Of the 11 furnaces for which samples were 
analyzed, 4 showed the presence of sulphate deposits exclusively, 
and 5 more showed it to be present in significant amounts on the 
wall tubes, although sulphide deposits also were found in other 
areas. Thus sulphate deposits were present in more than 75 per 
cent of the furnaces examined. 

Of these deposits, those found in furnaces of the 12th Street 
Station were considered typical, and most attention was given to 
their study. Sample C-4, for instance, ean be considered repre- 
sentative of this type. The relatively small amounts of SiQs, 
AlO;, and CaO undoubtedly result from particles of fly ash 
or slag that have become entrapped in the deposit, while the iron 
content, computed as equivalent to 5.1 per cent Fe,O;, probably 
comes both from slag and from the corrosion of the tube. The 
presence of large amounts of SO; and of NasO and K,O indicates 
that the deposit must consist of some form of NasSO, and K.SO,, 
although the alkalies present account for only 32 per cent SO,, 
whereas the analysis indicated that 54 per cent was present. As 
might be expected, the sample is highly soluble in water. Fur- 
ther, the water solution is highly acid, the pH of a 1 per cent solu- 
tion being only 3.0. 

Other samples of sulphate deposits are similar in nature, al- 
Thus 
in obtaining some samples, flakes of iron oxide adhered strongly 
to the deposit with the result that the iron content of the sample 
might have been high, and the amount soluble in water con- 
sequently was decreased, 


though considerable variance in composition may occur. 


In such cases the iron oxide was con- 
sidered an end produet of the corrosion reaction, and the composi- 
tion of the effective material causing corrosion, that is, the water- 
soluble sulphate deposit, was little changed. For example, al- 
though sample C-9 contained 16.6 per cent equivalent Fe,O; and 
only 36.5 per cent SOs, the water-soluble portion (sample C-9A) 
was nearly identical with samples C-3 and C-4 from the same 
furnace. Basically, all samples of ‘the sulphate deposits have 
been found to be alike, characterized by a large amount of SO, 
moderate amounts of NasO and KO, pronounced solubility in 
water, and an acid reaction in water. Beeause no known re- 
actions could explain the effectiveness of this material in causing 
loss of metal under the limitations of temperature already de- 
scribed, its study was considered the first objective of the experi- 
mental work to be performed in the laboratory, the results of 
which are given in detail in the report following.® 

Sulphide Deposits. The other type of deposit commonly found 
in corrosion areas is characterized by the presence of sulphide sul- 
phur, usually present as ferrous sulphide. Although occurring 
less commonly than the sulphate deposit, nevertheless, under the 
proper conditions, it is accompanied by a serious loss of tube 
metal. Typically it consists of an insoluble, iridescent, bluish- 
black material, occasionally having a brilliant dark-blue sheen, 
best described as “peacock blue.’’ Distinguished easily by its 
appearance and color, its presence can be checked by its re- 
action with acids to liberate hydrogen sulphide. It occurs in 
layers of varying thickness, in some cases being so thin as to be 
indistinguishable from a heat scale and in others as much as '/s 
in. thick. 

Of the furnaces examined, only the two at Windsor showed the 
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presence of sulphide deposits exclusively, no sulphate deposits 
being found. In addition, 5 other furnaces showed the sulphide 
type to be present, sulphate deposits also being found in other 
areas. In two cases, at “L’’ Street and at Waterside Stations, 
both sulphide and sulphate characteristics existed in the same 
deposit, but the quantity of sulphate present was small and could 
be detected only by chemical analysis. 

Although corrosion accompanied by sulphide deposits  re- 
sulted in severe loss of metal at Windsor Station, its investigation 
has been delayed until the completion of the study of sulphate 
corrosion, 


Oxide Deposits. An additional source of loss of metal may be 
oxidation resulting from operation of tubes at high temperatures. 
As already demonstrated, such conditions do not occur normally 
with furnace-wall tubes in steam generators. However, where a 
metal or alloy is subjected to higher temperatures or to other con- 
ditions than those for which it was designed, oxidation may be a 
significant item. Because such a condition was believed to be 
present in the mercury boiler at Kearny, it was examined to de- 
termine if actions were taking place similar to those found in other 
units. 

The tubes used in the mercury boiler are of Sicromo 5MS alloy 
containing 1.5 per cent silicon, 5 per cent chromium, and 0.5 per 
cent molybdenum and operate at a working temperature of about 
1250 F. During the first 2 years of operation, during which the 
boiler was fired with oil about one half of the time and the remain- 
der with coal, the observed loss of metal was about 20 times that 
predicted from laboratory oxidation tests, the loss being greater 
on the fire side of the tube than on the cool side. Because the 
inorganic residue in oil has been considered definitely corrosive 
under certain conditions, this loss of metal may be attributed to 
it rather than to actions resulting from the burning of coal; 
thus these data are not conclusive. 

Examination of the surface of a new tube installed since oil 
was last burned shows a slightly roughened surface, with so little 
loss of metal as to make exceedingly difficult any accurate meas- 
urement without removing a section of tube. However, a laver 
of oxide thick enough to indicate active corrosion was found; 
its analysis is given as C-60 in Table 2. A deposit from the ad- 
joining tube, which has been in service since the furnace was first 
installed was also analyzed and is reported as sample C-61, while 
a deposit from a tube on the opposite side of the furnace where 
carbon monoxide was present in low concentrations was an- 
alyzed as sample C-62. There is no essential difference in any 
of these deposits, their analysis showing them to be that expected 
from the oxidation of this steel. The absence of alkalies in sig- 
nificant amounts indicates that corrosion of the sulphate type is 
not occurring, and the fact that no sulphide sulphur could be 
detected shows that loss of metal inthismanner is negligible. Thus 
it appears that, if excessive loss of metal still is occurring in this 
unit, the action of corrosion is by accelerated oxidation and no 
explanation of such metal loss is yet available. 


EFFECT OF SLAG 


Composition of Slag. As already noted, corrosion usually oc- 
curs beneath a layer of slag, but in areas where the ash exists on 
the tubes in a light fluffy form loss of metal normally does not 
occur, This agrees with the observed facts that corrosion may 
be serious in slag-tap furnaces but, if it occurs, is insignificant 
in dry-bottom furnaces. From these observations it might ap- 
pear that the slag was itself the corroding medium, but con- 
sideration of the physical properties of slag indicates that this 
is extremely unlikely, principally because the lowest temperature 
at which slag exists in the liquid state is very much higher than 
that known to exist at the surface of the tube. This has already 


been discussed elsewhere,'!® the conclusions being that the tem- 
perature of the slag at the boundary between tube and slag de- 
posit will be many hundred degrees cooler than the temperature 
of critical viscosity, with the result that the slag will be com- 
pletely in the solid state and without ability to react with the ma- 
terials with which it is in contact. 

Analyses of samples of slag taken from the walls of furnaces in 
corrosion areas show no essential difference from the slag in other 
locations. Table 3 gives the composition of slags from the No. 
IS furnace at 12th Street Station. 


TABLE 3 COMPOSITION OF SLAG 

Sample A B 
SiOz. 29.3 40.7 
AleOs 24.0 24.7 
FeoOs. 17.6 21.2 
Fe). 21.5 4.7 
ee 0.0 0.0 
CaO 4.1 4.5 
MgO 1.4 1.2 
S8Os..... 0.2 0.2 
Alk. by diff.. 1.9 2.8 
Ferric percentage isaes 42 80 
Viscosity at 2600 F, poises......... 2.4 17 
Predicted temperature of critical vise osity, deg F.. 2550 2500 


Description: 


Sample A From tubes in corrosion area, mildly reducing conditions; 
slag '/s in. thick, dense, highly vitrified. Solid phase present on cold face. 

Sample B: From tubes outside corrosion area, definitely oxidizing con- 
ditions; slag 1 in. thick, vitrified on hot face, "solid phase present near 
center, unsintered where in contact with tube. 


The differences in composition are attributed to segregation 
of ash in the furnace and to variations in the surrounding at- 
mosphere. The decreased thickness of sample A results from a 
higher rate of heat transfer in that area and a low viscosity. 
Both samples have about the same temperature of critical vis- 
cosity, indicating that both will be solids at about the same tem- 
perature, and reactions between each slag and other solids at tem- 
peratures below about 2200 F are considered extremely un- 
likely. 

Reactions between metallic iron and slag, even at high tem- 
peratures when both are in the liquid state, depend almost en- 
tirely upon the state of reduction of the slag. Thus metallic iron 
‘an exist in equilibrium with slag at temperatures where the slag 
is fluid only by imposing strongly reducing conditions so that the 
ferric percentage of the slag is very low. When the molten slag is 
allowed to oxidize somewhat, for example, by limited exposure 
to air, the metallic iron disappears as such and is converted to an 
oxide which reacts with the slag to increase its flux content. How- 
ever, this reaction is known to occur only at temperatures ex- 
ceeding about 1800 F and is not rapid below 2200 F for slags of 
usual composition; thus in the case of external corrosion such 
actions are quite improbable. Further, in the case of sample A, 
had the increased content of iron oxide been attributed to metal 
removed from the tube rather than to segregation of ash in the 
furnace, the high rate of flow of this very fluid slag would have 
been capable of causing failure of the tube in an extremely short 
period, certainly not more than a few days. But because a solid 
layer of slag must exist at the tube surface where the tempera- 
tures are low, such reactions do not occur and the role of slag 
in causing loss of tube metal must be explained by some other 
mechanism. 

Dry-Bottom Furnaces. Although slag-tap furnaces have been 
the only ones in which severe corrosion of wall tubes has been 
observed, it has been suspected that loss of metal has occurred 
under dissimilar conditions in other fuel-burning applications. 
The failure of superheater elements already discussed may be 


18 ‘Factors Affecting the Thickness of Coal-Ash Slag on Furnace- 
Wall Tubes,’”’ by W. T. Reid and P. Cohen, Trans. A.S.M.E., 
vol. 66, 1944, pp. 685-690. 


= 
Bors. 


288 


such a case, but without further data on slag accumulations, metal 
temperatures, and composition of the gases, this cannot be evalu- 
ated properly. Also, failure of metal components of gas pro- 
ducers has been suggested as an instance of the same type of 
corrosion, but attempts to obtain definite information on such 
failures have not been successful. 

Because no positive loss of metal in pulverized-coal-fired dry- 
bottom furnaces had been reported by any operators, it was be- 
lieved that this type of equipment was immune to external cor- 
rosion. Consequently, when it was heard that corrosion was sus- 
pected in such equipment at the L Street Station, an inspection 
was made. This showed that conditions on the side walls in close 
proximity to the turbulent horizontal burners were not radically 
unlike those occurring in slag-tap furnaces, despite the fact that 
no flowing layer of slag was present. Perceptible roughening of 
the tube surface existed in a region on both side walls ranging 
over about 18 tubes near the burner wall, and over a maximum 
vertical distance of about 4 ft. In this area, the maximum ob- 
served loss of metal was 0.025 in., and averaged about 0.010 in., 
but it is significant that most of this loss occurred on the tube 
quadrant facing the burner. Sample C-21 of Table 2 shows the 
deposit in this area to be of the sulphide type, and it was bluish 
black and of a hard brittle nature. Particular attention should 
be paid to the fact that this deposit contained 0.5 per cent car- 
bon, indicating the presence of highly reducing conditions. In 
the quadrant away from the burner, the adherent deposit was 
gray to greenish white in color and was of the sulphate type as 
shown by analysis C-22. 

Thus although dry-bottom furnaces are considered relatively 
free from external corrosion, some slight and normally unob- 
served loss of metal may occur under conditions where flame can 
impinge directly on the tubes. This loss may be insignificantly 
small but suggests the possibility of serious corrosion under un- 
usually unfavorable conditions. 


CONTROL OF CORROSION 


Although it is not within the scope of this report to include de- 
tailed results of corrective measures applied in the field to prevent 
further serious loss of metal, a brief discussion is warranted. 
Such measures were based on preventing reducing conditions 
at the surface of the wall tubes, as evidenced by the presence of 
carbon monoxide in the furnace gases, and by the observation 
that no corrosion was being experienced in zones where a plenti- 
ful supply of air was available. For this purpose, burner changes 
were made so as to blanket the wall with a stream of air, and in 
some cases, “‘air belts’ were installed which admitted air between 
the tubes in the corrosion area. When the atmosphere was con- 
trolled satisfactorily, active corrosion was arrested, but diffi- 
culties in maintaining these conditions have not all been solved 
satisfactorily as yet. 

The relationship between the presence of carbon monoxide 
and active corrosion is not obvious except in the case of the sul- 
phide deposits where strongly reducing conditions are known to be 
necessary. With the sulphate deposits, it appears more likely 
that carbon monoxide is only an indication of other unfavorable 
conditions, such as the presence of the flame envelope in contact 
with the furnace walls, and that the addition of air serves simply 
as a diluent to decrease the concentration near the tubes of other 
constituents which may be responsible for corrosion. Thus the 
added air may serve only to ventilate the surface of the tubes, and, 
in the case of sulphate deposits, the fact that carbon monoxide is 
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also removed in the process may be of no importance. This will 


be discussed at some length in the next report.§ 
CONCLUSIONS 


External corrosion of wall tubes in pulverized-coal-fired slay- 
tap furnaces has been observed in a large number of installa- 
tions, severe enough in some instances to result in failure of 
tubes, and in many others in tube replacement for security reasons. 
Although this type of corrosion has been recognized only since 
early 1942, evidence exists that earlier troubles associated with 
tube maintenance may have resulted from the same actions. 

Field studies included the inspection of 16 furnaces, most of 
which showed appreciable loss of metal from wall tubes. In ad- 
dition, studies of tube-metal temperatures, gas composition, and 
rate of heat transfer were made in some instances to determine 
the conditions accompanying corrosion. It was shown that (1) 
tube-metal temperatures did not exceed 900 F in any area at any 
time, and usually were less than 800 F; (2) tube-metal tempera- 
tures may be lower in corrosion areas than in adjacent locations 
where corrosion does not oecur; (3) active corrosion usually oc- 
curs in zones where the furnace gas over the slag covering con- 
tains appreciable amounts of carbon monoxide; (4) the amount 
of sulphur dioxide in the furnace gas where corrosion is oceurrii 
is not excessive; and (5) the rate of heat transfer in corrosion 
areas is not significantly greater than in other parts of the furnace. 

Deposits existing in corrosion areas are shown by chemical 
analysis to be of two types. The most common consists princi- 
pally of sodium and potassium sulphate, is usually greenish bliuc, 
and strongly resembles a porcelain enamel in appearance, has s 
strongly acid reaction, and is highly soluble in water. The sec- 
ond contains large amounts of ferrous sulphide, is usually bluish 
black but occasionally is a brilliant “peacock blue,” is insoluble 
in water, and may contain up to5 percent carbon. Usually these 
deposits exist separately, but instances where they are found to- 
gether are noted. 

Data on the physical properties of coal-ash slags show that 
they are solids at temperatures lower than about 1800 F. Thus 
it is believed that slag does not react directly with the tube meta! 
or its oxide coating, despite the fact that corrosion usually occurs 
beneath a layer of slag. 
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External Corrosion of Furnace- Wall Tubes—II 
Significance of Sulphate Deposits and Sul- 


phur Trioxide in Corrosion Mechanism 


By R. C. COREY,? B. J. CROSS,’ ann W. T. REID* 


The external corrosion of furnace-wall tubes of slag-tap 
furnaces became a problem to operators and manufac- 
turers in 1942. Since that time, in order to determine 
the mechanism of corrosion so that rational protective 
measures could be developed, an extensive laboratory 
study has been in progress on the sulphate, or “‘enamel,’’ 
deposits found on the tubes in areas where external 
corrosion occurs. These deposits are greenish-white to 
reddish-brown in color and are soluble in water, in which 
they produce an acid reaction. X-ray diffraction studies 
show them to consist primarily of a solid solution of so- 
dium and potassium sulphates and alkali-metal ferric 
trisulphates, such as K;Fe(SO,);.. Experiments under 
controlled laboratory conditions with actual and synthetic 
“enamels”? have shown that, at temperatures of 1000 F, 
sodium and potassium sulphates will react readily with 
iron oxide in an atmosphere containing a low concentra- 
tion of sulphur trioxide to form the same alkali-metal 
ferric trisulphates that occur in “‘enamels.’’ However, 
under the same conditions of temperature and concen- 
tration of SO; neither iron oxide nor the alkali-metal 
sulphates alone will react with SO;. These reactions 
suggest the mechanism of corrosion to involve the re- 
moval of the normally protective oxide on the furnace 
tubes by (a) the condensation on the relatively cool tubes 
of alkali-metal oxides which are converted to the corre- 
sponding sulphates by the SO, in the furnace, and (6) the 
subsequent reaction of the iron oxide on the tubes and 
the alkali-metal sulphates with the SO; evolved as the 
result of the slagging reactions in the coal ash deposited 
mechanically on the “enamel.’’ Thus conditions are 
afforded for the removal of the iron oxide on the tube 
with the formation of alkali-metal ferric trisulphates. 
Deslagging causes thermal decomposition of these com- 
pounds, and the cycle is repeated. It is suggested that 
prevention of corrosion by this process can be achieved 
by ventilating the surface of the tubes with air so as to 
decrease the concentration of SO; below that necessary 
for the formation of the complex iron sulphates. Also, 
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because the alkali metals required for the reaction are 
believed to originate principally from the flame, the addi- 
tion of such air decreases the rate of deposition of alkalies. 
These findings are in agreement with field observations 
in which the maintenance of oxidizing conditions pre- 
vented further corrosion. 


INTRODUCTION 


NALYTICAL data already have been presented® show- 
A ing that two characteristic types of deposits on furnace- 
wall tubes are associated with external corrosion. The 
most prevalent type is a greenish-white to reddish-brown glazed 
material that is appreciably soluble in water in which it produces 
an acid reaction, and which contains a relatively large percentage 
of sodium and potassium sulphate. In other cases the deposit is 
dark-blue or black, magnetic, insoluble in water, and rich in 
ferrous sulphide. The present paper is concerned with corrosion 
occurring in the presence of the sulphate type of deposit; and 
because this deposit resembles in appearance a ceramic enamel 
it will be convenient hereafter to designate it as ‘‘enamel’’ to dis- 
tinguish it from the iron-sulphide deposit. 

It is well known that considerable information may be obtained 
about the mechanism of corrosion of metals at high temperatures 
if a critical examination is made of the products of corrosion, or 
of any deposits which occur at the site of corrosion.© 7 ®& ® With 
this as a premise in the present investigation, considerable 
significance was attached to the exact chemical nature, and be- 
havior under controlled conditions, of actual and synthetic 
enamel deposits. The results of these studies suggested that 
unusual chemical reactions at temperatures between 600 to 1000 F 
were involved in the mechanism of corrosion. Inasmuch as the 
technical literature afforded no clue to the type of reactions be- 
lieved to be pertinent to the problem, it was necessary to supple- 
ment the work with considerable fundamental experimental 
study. 

The foregoing factors form the basis of the laboratory studies 
and fulfill partly the four primary objectives of the investigation, 
which were as follows: 


1 To determine the factors involved in corrosion associated 
with enamel deposits. 

2 To determine the mechanism of corrosion. 

3 To reproduce this type of corrosion under controlled labora- 
tory conditions. 


‘Part I of this study appears on page 279 of this issue of the 
Transactions. 

6 ‘Resistance to Furnace Atmospheres of Heat-Resisting Steels,’ 
by A. Quarrel, Journal of the Iron and Steel Institute, Special Report 
No. 24, 1941. 

7™**The Corrosion of Alloy Steels by High-Temperature Steam,” 
by G. A. Hawkins, J. T. Agnew, and H. L. Solberg, Trans. A.S.M.E.., 
vol. 66, 1944, pp. 291-295. 

’“The Constitution of Scale,” by L. B. Pfeil, Journal of the Iron 
and Steel Institute, vol. 123, 1931, pp. 237-258. 

® “Corrosion by Hot Gases,’”’ by R. C. Corey, Combustion, vol. 15, 
Nov., 1943, pp. 34-39. 
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4 To devise means for retarding the rate of corrosion to a neg- 
ligible rate, or arresting it completely, in operating furnaces. 


This paper is intended to present the results of laboratory 
work performed to date on the enamel deposits as related to 
these objectives. Inasmuch as no work of a similar nature has 
been reported elsewhere, numerous approaches to the problem 
were necessary before the present theory was developed. Con- 
sidering the plausibility of certain of these ideas, they will be 
mentioned briefly and reasons for rejecting them will be dis- 
cussed, 

It is contended that the reporting of negative results in an in- 
vestigation of this kind is equally as important as the positive re- 
sults, as they serve to delineate the scope of the investigation and 
to indicate the least probable, or impossible, interpretations. 


SCOPE OF INVESTIGATION 


The experimental work will be presented in two separate parts 
as follows: 


(a) Preliminary studies of various factors believed to be 
directly involved in, or related to, the mechanism. 

(b) The effect of alkali-metal sulphates and sulphur trioxide, 
as determined by experiments under closely controlled condi- 
tions in small electrically heated tube furnaces and in a small 
gas- and coal-fired furnace that was operated under conditions 
closely simulating actual furnace conditions. 


These phases of the work follow a more or less chronological 
order as it was only after the preliminary work had eliminated 
certain factors from consideration that other chemical and 
physical properties appeared to be related to the problem. 

PRELIMINARY STUDIES 

Oxidation of Steel at High Temperatures. It ie desirable at this 
point to present briefly a few facts concerning the fundamental 
mechanism of the oxidation of plain low-carbon steel at tem- 
peratures up to 1200 F, as any discussion of such corrosion proc- 
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esses must consider the sequence of events at the surface of stee! 
in contact with hot gases. 

The oxidation of steel by oxygen or water vapor produces « 
seale that consists of three separate phases as shown in Fig. 1. 
Nearest the metal is a phase known as wiistite, of the nominal 
formula FeO, which contains 75 to 77 per cent by weight of iron. 
Chemically it is a solid solution of iron in magnetite (Fej;Q,)."" 
The middle phase consists primarily of magnetite, which con- 
tains 72.3 per cent by weight of iron and is strongly magnetic 
The outer phase is ferric oxide, FeO3, which is reddish-brown and 
nonmagnetic and contains 70 per cent of iron. It is more com- 
monly known as hematite. The relative proportions of these 
three phases vary greatly, depending upon the temperature and 
the composition of the gas. The mechanism causing this heter- 
ogeneity in the scale is well established on experimental and 
theoretical grounds as the result of the diffusion of iron atoms 
from the metal outward through the seale. It is upon this phe- 
nomenon that the most recent mechanism of high-temperature 
corrosion is based and not, as formerly believed, on the diffusion of 
oxygen atoms inward through the scale to the metal-oxide inter- 
face. 
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The scaling of steel in the temperature range 550 to 850 
occurs parabolically with time,'! as shown in Fig. 2, and may be 
represented by the following equation 


where y = thickness of scale, k,; = constant for the conditions 
under which oxidation is taking place, and ¢ = time. Thus for 
a given temperature, the rate of scaling decreases with the thick- 
ness of the scale as follows 


In the normal range of furnace-wall-tube temperatures, say, from 
650 to 800 F, for high-pressure boilers, the oxidation of low-carbon 
steel takes place at a relatively low rate, and the tube walls 


10 ‘The Crystal Structures of Fe, FeO, and FesO, and Their Inter- 
relations,” by H. J. Goldschmidt, Journal of the Iron and Steel 
Institute, vol. 146, 1942, pp. 157-180. 

11“The Transition State Theory in Oxide Films,’’ by E. A. Gul- 
bransen, Trans. Electrochemical Society, vol. 83, 1943, pp. 301-317. 
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would not be thinned materially during the expected life of the 
unit. Any factors, however, that interrupt the normal growth 
of the seale, such as spalling, cracking, recrystallization, or re- 
moval of the oxide by chemical reaction with some other ma- 
terial, materially increase the rate of scaling at a given tempera- 
ture. In the case of the corrosion of furnace tubes, numerous 
factors were considered from this viewpoint, i.e. 
the mechanism of corrosion, the primary reaction was one in- 


, that whatever 
volving removal of the normal oxide on the metal either mechani- 
cally or by chemical reaction. 

Rate of Corrosion of Steel in Sulphur Dioxide. 
fact that the corrosion areas in each furnace followed a unique 
pattern that could be related to flame conditions, consideration 
was given early in the investigation to the possibility that the con- 


Because of the 


centration of SO, at the surface of the tubes could become quite 
high as the result either of local concentration of combustion 
products from flame impingement or from the decomposition of 
solid produets adhering to the tube, such as incompletely oxidized 
pyrites or ash during the slag-forming reactions. 

Accordingly, the rate of corrosion of steel specimens cut from 
boiler tubes was determined over a range of temperatures in air 
and in pure sulphur dioxide. 
that, in the temperature range attained by furnace tubes, sulphur 
dioxide does not have a materially greater effect than air. These 
results are corroborated by the data of Hatfield'* shown in Fig. 4. 


The results, given in Fig. 3, show 


Although the lowest temperature at which his work was done 
exceeds by about 500 F that of a furnace tube, the results show 
that below 1000 F the effect of various gases is about the same. 
For these reasons, the effect of sulphur dioxide as such was 
given no further ecnsideration, 

Effect of Carbon Monoxide on Bare Steel. 
ceived that a similar type of corrosion had been found in water- 


Reports were re- 


cooled gas producers and was believed to be due to reaction of 
the carbon monoxide with the steel to form an iron carbonyl. 
Inasmuch as relatively high concentrations of carbon monoxide 
are found in areas where corrosion is active, it was considered as a 
possible factor. 

Table 1 shows the properties of three common iron carbonyls." 


TABLE 1) PHYSICAL PROPERTIES OF IRON CARBONYLS 
Fe(CO)s Fe2(CO)s Fe(CO). 
Form at room tempera- Pale yellow Orange hexago- Green prismatic 
ture liquid nal crystals crystals 
Melting point, deg C... 20 Dissociates Dissociates 
Boiling point, deg C..... 102 Dissociates Dissociates 


Effect of heating... Decomposes at Decomposes at Decomposes at 


180 C to 100 C to 140 C to 
Fe + CO Fe(CO)s, Fe Fe(CO)s, Fe 
and CO and CO 


Fieldner and Jones state that the formation of the penta- 
carbonyl, which is the most stable form, takes place mainly in the 
temperature range 100 to 300 C (212 to 572 F); the reaction is 
shown in Equation [3] 


reversing by an increase in temperature and decrease in the con- 
centratién of carbon monoxide. 

It was apparent therefore that at the metal temperatures 
prevailing at normal operating conditions, and the concentra- 
tions of carbon monoxide associated with corrosion in slag-tap 


furnaces, direct combination of the steel with the carbon mon- 


“Heat Resisting Steels,” by W. H. Hatfield, Journal of the Iron 
and Steel Institute, vol. 115, 1927, p. 483. 

13“‘Tron Oxide Reduction Equilibria,’’ by O. C. Ralston, U. 8S. 
Bureau of Mines, Bulletin 296, 1929, p. 285. 

14“Tron Carbonyls; Their Physical ard Chemical Properties,’’ by 
A. C. Fieldner and G. W. Jones, American Gas Association Monthly, 
vol. 6, 1924, pp. 439-447. 
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oxide to form volatile iron carbonyls was not a factor in cor- 
rosion. 

Effect of Molten Alkali-Metal Sulphates on Steel. The enamel 
deposits contain a high percentage of sodium and potassium sul- 
phate. Therefore, the possibility was considered that the tem- 
perature of the deposit might exceed the melting point of the 
alkali-metal sulphates and the molten salt consequently would 
attack the tubes. The melting point of mixtures of sodium and 
potassium sulphates depends upon the ratio of the salts and may 
vary from a minimum of 1530 F, for a 75 per cent Na2SO,, 25 per 
cent K,SO, mixture, to 1950 F for pure K2SQ,, as shown in Fig. 5. 

Corrosion tests were made by placing cleaned and weighed speci- 
mens of boiler steel in a molten mixture of alkali-metal sulphates 
whose melting point was 1530 F, and the temperature was main- 
tained at 1600 F. The tests were conducted both in air and in 
nitrogen containing less than 0.2 per cent oxygen. To provide a 
reference point, the rate of corrosion of the same steel in air, 
without contact with the molten salt, also was determined. 

The results given in Fig. 6 show that the steel corrodes at a 
much higher rate in the molten salt than in air alone. The in- 
itial condition of the steel, that is, whether it was clean or had 
an appreciable oxide scale, had no effect on the results. Sub- 
sequent work, to be described later, showed that molten alkali 
sulphates do not attack iron oxide, therefore, in these experi- 
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ments the scale apparently was removed mechanically, permitting 
the molten salt to attack the bare metal. 

Two adverse factors caused this mechanism of attack to be 
rejected from further consideration. An examination of the 
product of the test in nitrogen showed it to be strongly alkaline in 
water and to contain a large amount of sulphide sulphur, proba- 
bly combined as sodium ferrous pentasulphide, FeS-4Na.8, 
or the corresponding potassium salt. In the test with air over 
the molten salt, the product was somewhat less alkaline but con- 
tained considerable iron sulphide. These characteristics are op- 
posite to those of furnace-tube enamels, which do not contain 
sulphides and which produce an acid reaction in water. The 
other factor concerns the temperature necessary to effect the cor- 
rosion of the steel, being a minimum of 1530 F to permit melting 
of the salt. Subsequent work indicated that the temperature of 
the enamels probably does not exceed 1100 to 1200 F, and as this 
is considerably below the melting point of the alkali sulphates, no 
reaction will occur. 

Action of Molten Alkali Sulphates on Magnetite. The protect- 
iveness of the normal oxide on steel depends upon its inertness 
toward substances with which it is in contact and also upon its 
physical structure remaining undisturbed. For example, spall- 
ing or cracking of the oxide as the result of changes in its density 
would permit the corroding gases to reach the metal. The pos- 
sibility was considered that a decrease in the density of the scale 
might result from diffusion of aluminum atoms, which are a con- 
stituent of the enamel, into the scale. 

The basis for this action is as follows: 

Magnetite, a constituent of the normal oxide on steel, belongs 
to a class of compounds known as spinels, !§ which bear the general 
formula M”O-M,’’’0; where M” is a divalent and M’’’ a tri- 
valent metal. In the case of magnetite, Fe;O,, which is repre 
sented more properly by FeO-Fe.0;, the metals are the same, 
ferrous and ferric iron, respectively. A characteristic of spinels 
which is important to the present case is that they can take cer- 
tain elements into solid solution, aluminum being a notable ex- 
ample, and a change occurs in the size of the unit cell of the spinel 
which is reflected by a change in its density. If, for example, 
aluminum atoms diffused from the enamel into the oxide on the 
tube, a maximum contraction of 15.6 per cent in the unit cell of 
the magnetite could occur, the density changing from 5.20 to 
4.39 g per cu cm, and cracking or fissuring of the scale could occur. 

The effect of aluminum on magnetite was determined by tests 
in which 1:1 mixtures of powdered magnetite with powdered 
samples of (a) 67.5 per cent Na,SQ,, 22.5 per cent K2SO,, 10 per 


16 **A Study of a Group of Spinels,” by C. W. Parmelee, A. E. 
Badger, and G. A. Ballam, Bulletin No. 248, University of Illinois, 
June 17, 1932. 
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cent Al,O; and (b) enamel deposit from the 12th Street Sta- 
tion were heated at 1600 F for several days in an inert atmos- 
phere. At this temperature the alkali-metal sulphates were 
molten, a purposely rigorous condition to effect any possible re- 
actions in a short time. An X-ray diffraction pattern was made 
of the products to determine if solid solution of aluminum, or 
other changes, had occurred in the magnetite. 

The results showed that the magnetite remained unchanged 
and that it did not react with the molten salt, therefore these 
possibilities were considered no further. 

Effect of Slag. In the early phases of the investigation, the 
slag immediately overlaying the corroded tubes was given some 
attention, as it was logical to suspect that it was directly involved 
in, or contributory to, the action. 

Two conditions must be fulfilled if corrosion is to ocour as the 
result of chemical reaction of the slag with the normal oxide on 
the tube; (1) there must be direct contact of the slag with the 
oxide, and (2) the temperature at the oxide-slag interface must 
be at or near that at which a liquid phase can form. There are 
two factors to be considered relative to the temperature at the 
oxide-slag interface, i.e., the heat-transfer coefficient of the oxide 
on the tube and the ability of coal-ash slags to react with the 
oxide layer at that temperature. 

Considering first the temperature at the interface, the sche- 
matic diagram in Fig. 7, shows a sheet of slag in contact with the 
normal oxide on the tube. If the coefficient of thermal con- 
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ductivity k and the thickness of the oxide were known, it would 
be a simple matter to calculate the temperature at the oxide- 
slag interface for a given metal temperature and rate of heat 
transfer. Neither of these factors, however, is known with cer- 
tainty, although a reasonable estimate of the thickness of the 
oxide may be obtained from high-temperature corrosion data. 

It is possible, however, to estimate the magnitude of k for 
iron oxide scale from data that were published recently."* Table 
2 shows these data in familiar units. 


TABLE 2 THERMAL CONDUCTIVITY OF IRON OXIDES 


Material k @ Btu/hr-ft*-deg F-in. 
Single crystal of hematite, Fe2Os 
Massive hematite 
Massive magnetite, FesO, 


The difference between the value of k of a single crystal of 
hematite and that of the massive form is the result of a difference 
in density between the two materials, the latter being an aggre- 
gate of small crystals. 
netite is of the same magnitude as that of massive hematite. It 
is a reasonable assumption, therefore, that k for a single crystal 
of magnetite is of the same order as that of a single crystal of 
hematite and for the purpose of this discussion it will be assumed 
to be k = 100. 

The normal oxide formed on steel at high temperatures is dense 
and, depending upon the conditions under which it is formed, 
may consist of large or small crystals of hematite and magnetite. 
The value of k therefore probably will lie between 21 and 100. 
For the present purposes, a mean value of k = 60 will be used, as 
it will be seen that, regardless of whether a mean value or the 
minimum value is used, the maximum temperature at the inter- 
face will not be affected seriously. 

At a tube-metal temperature of 700 F, the normal oxide would 
not exceed a thickness of 0.010 in. over a reasonable period of 
normal service. Moreover, it would be in such close contact 
With the steel surface that it can be assumed that no temperature 
gradient would exist between the metal and the oxide. There- 


‘6 “Handbook of Physical Constants,” by F. Birch, J. F. Schairer, 
and H. C. Spicer, Geological Society of America, Special Paper 
No. 36, 1942. 
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fore, assuming a heat-transfer rate of 150,000 Btu per sq ft 
per hr through the tube, the temperature gradient through the 
oxide would be 
‘ (150,000) (0.010) 
60 


25 deg F 


resulting in a temperature of 725 F at the oxide-slag interface 
under these conditions. 

Regarding the temperature at which the liquid phase can form 
at the oxide-slag interface, it is necessary to discuss briefly some 
of the properties of coal-ash slags. Although the chemistry of 
such slags is complex, owing to the many constituents involved, 
it is possible to establish with reasonable accuracy the lowest 
temperature at which a liquid phase can form. In addition, 
experimental work on the fusibility and viscosity of coal-ash slags 
also is available to indicate the minimum temperature at which 
slags have fluid properties. 

Coal ashes contain compounds of silicon, aluminum, iron, and 
calcium, with smaller amounts of magnesium and the alkali 
metals, sodium and potassium. In addition, insignificant amounts 
of titanium and phosphorus also are present. At temperatures 
where slag forms, complicated reactions occur in the ash to pro- 
duce complex silicate phases, and the variables which affect the 
formation of these phases are (a) the original composition of the 
ash (including the petrographic form of the constituents), (b) 
the temperature at which they are formed, (c) the time that the 
slag is maintained at this temperature, and (d) the ratio of oxidiz- 
ing to reducing constituents in the surrounding atmosphere. 

A petrographic or an X-ray diffraction analysis of the slag 
shows definitely the primary solid phases which crystallize from 
the slag during cooling and are embedded in a glassy matrix. 
For example, in a slag that is low in calcium and magnesium, such 
as occurs with most eastern bituminous coals, and belongs es- 
sentially to the SiO,-Al,0;-FeO system, the following crystalline 
phases may be found: 


Mullite 
Hercynite 
Fayalite 
Magnetite 


AleSi20;3 
F eAl.O, 
Fe.SiO, 
Fe,0, 


A photomicrograph of a typical thin section of slag, as viewed 
by transmitted light, is shown in Fig. 8 and illustrates the crys- 
talline phases mullite and hercynite in a glassy matrix. 

The phase diagram of the SiO,-Al,0;-FeO system” is shown in 
Fig. 9. Its essential features, for the present discussion, are the 
minimum temperatures in the system at which the eutectics and 
the peritectics will melt, as it is at these temperatures that liquid 
phase first will be formed on heating. It is to be noted that this 
minimum melting point in the SiO,-Al,0;-FeO system is 1963 F, 
occurring at a composition where hercynite, fayalite, and tridy- 
miteallarein equilibrium. Results of cone-fusion determinations 
of coal ashes confirm this fact experimentally, initial deformation 
temperatures never being observed at less than about 1800 F. 
Values this low probably result from the presence of feldspars 
or alkali-metal salts, which explains the decreased temperature 
compared to the SiO,-Al,O;-FeO system. Further, viscosity 
measurements show that the minimum temperature at which any 
liquid can be detected in coal-ash slags is also about 1800 F, and 
that most slags containing any liquid phase have a viscosity of 
more than 100,000 poises at these low temperatures. Thus, for 
this application, coal-ash slags can be considered to be solids at 
temperatures less than 1800 F. 


“The System CaO-FeO-Al,0;-Si02: I. Results of Quenching 
Experiments on Five Joints,” by J. F. Schairer, Journal of the 
American Ceramic Society, vol. 25, no. 10, 1942, pp. 241-274. 
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Fig.9 EQuitiprium DIAGRAM OF THE System 


Therefore, if the premise is correct that before reaction can 
occur between the slag and the oxide, the temperature at the in- 
terface must be at or slightly below that at which liquid phase 
will form in the slag, the temperature at the oxide-slag interface 
is far too low for such reactions to occur. 

Effect of Fe-FeS or FeO-FeS Eutectics. The possibility was 
considered that corrosion occurred as the result of iron sulphide 
deposits on the tubes reacting with the tube metal or its oxide to 
form eutectics of low melting point which then progressively at- 
tacked the metal, probably by intergranular penetration. 

A metallographic examination was made of a number of cor- 
roded tubes for evidence of eutectic phases. The photomicro- 
graphs in Fig. 10 show the microstructure of the metal in the cor- 
roded section of tubes from three stations where the enamel 
deposit was prevalent and one station where sulphide deposits 
occurred. The microstructure of the FeO-FeS eutectic also is 
shown for comparison. No evidence of eutectic phases is to be 
found in any of the tube samples. 

Brief consideration of the chemistry of the FeO-FeS and the 
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Fe-FeS systems will show that the temperatures prevailing at the 
surface of the tubes are too low for the formation of eutecties of 
this type. 

It has been shown experimentally!’ and by free-energy data!’ 
that the reaction 


FeS + 3Fe,0, = 10FeO + [4 


will not proceed below about 1850 F. Preece” states, ‘At 
tempering and hardening temperatures, i.e., 650° C (1202° F) 
to slightly below 900° C (1652° F) there is no formation of the 
oxide-sulphide complex—and there is little or no tendency for sul- 
phide penetration along the grain boundaries. At temperatures 
above 900° C the sulphide forms a molten oxide-sulphide com- 
plex at the scale-metal interface, which penetrates into the meta! 
along the grain boundaries.”’ 

An explanation for the temperature required for the formation 
of Fe-FeS,?" and FeO-FeS?3 eutecties is afforded by the equi- 
librium diagrams for both systems, which are shown in Fig. 11. 
It is apparent that for molten Fe-FeS eutectic to form at the sur- 
face of the tube the temperature would have to be 1805 F, and 
for the FeO-FeS eutectic it would have to be 1724 F. 


The Fe-S system The FeO-FeS sy 
(According to Hansen) Accoraing to Oberhoffer) 
2.800 & 2,782° F | 
2,600 | 
| 
ann | 
2 400 | | 
= 2,200 | 
a y Feemelt 
= 2.000H 
1,805” F. 
1.800 (Fe -FeS) 
eutectic 
600 Fi « Fe + (Fe-FeS) 4 FeO-FeS eutectic 
‘ eutectic 
20 40 60 60 80 100 
SULFUR, WEIGHT PERCENT FeO, WEIGHT PERCENT 
Fic. 11 DIAGRAMS oF Fe-S anp FeO-FeS Systems 


SHOWING Evrectic Points 


REACTIONS OF ALKALI-MrETAL SULPHATES AND SuLpHuR Tri- 
OXIDE 


The Chemical and Physical Properties of Enamels. <At- 
tention next was directed toward a critical examination of the 
enamel deposits. It was logical to suspect that they played an 
important part in the mechanism, inasmuch as this type of de- 
posit always was found where corrosion was active. It should 
not be inferred, however, that corrosion always was found under 
an enamel deposit; rather, its presence indicated a potentially 
corrosive state that would became active under certain condi- 
tions. 


18**The Reaction Between Magnetite and Ferrous Sulfide,’’ by 
IF. S. Wartman and G. L., Oldright, Bureau of Mines Report of In- 
vestigations, no. 2901, 1928, pp. 1-14. 

Reactions Between Iron Sulfide, Sulfur Dioxide, and Iron 
Oxides in the Metallurgy of Copper,’”’ by A. C. Halferdahl, Industrial 
and Engineering Chemistry, vol. 22, 1930, pp. 956-963. 

20 ‘*Removal of Sulfur From Gaseous Fuels,’’ by A. Preece, Engi- 
neering, vol. 155, 1943, pp. 405-406. 

21*‘Der Aufbau der Zweistofflegierungen,’’ by M. Hansen, Julius 
Springer, Berlin, 1936, p. 723. 

22 “*Pyrrhotite—Melting Relation and Composition,” by E. Jensen, 
American Journal of Science, vol. 240, 1942, pp. 695-709. 

23“‘Das Technische Eisen,’’ by P. Oberhoffer, Julius Springer, 
Berlin, second edition, 1925, p. 98. 
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To afford a basis for the experimental work that is to be de- 
scribed, it is desirable to examine the chemical composition and 
physical properties, given in Table 3, of the typical sample of 
enamel that was removed from the wall tubes of No. 17 boiler 
of the 12th Street Station. 


TABLE 3 EXAMINATION OF ENAMEL DEPOSIT, SAMPLE C-9 


Chemical’analysis: Per cent 


Silica, SiOz 

Aluminum calculated as Ales 

Total iron calculated as 

Calcium calculated as CaO 

Magnesium calculated as MgO.... 

Sulphur trioxide, SOs 

Alkali metals calculated as Nas 

Copper, Ci 

ility in water 

of 1 per cent in water-——-3 
~5 of weight in 24 hr at 


4 
evolved 
Melting point: 
Not sharp; became semimolten at 1200 F; solidified as temperature was 
increased; then became semimolten again at 1500 F. 
Physical appearance in ‘‘as-received”’ condition: 
Brittle, greenish-white to reddish-brown glazed flakes, A, in Fig. 12. 
Average thickness, 0.020 in. Side in contact with tube generally had a 
thin layer of iron oxide tightly bonded to it, B in Fig. 12. When the 
deposit was ground and oaned | to cold distilled water, it produced an acid 
reaction. hen the solution was filtered rapidly to remove insoluble taa- 
terials, filtrate assumed a brownish opalescence which, with heating, be- 
came a reddish-brown flocculent precipitate, indicating that the sample 
contained a soluble iron compound which hydrolyzed to an insoluble 
iron oxide. 
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The outstanding characteristics typical of all enamel samples 
were the relatively low pH which they produce in water, the 
presence of a water-soluble iron compound, the evolution of sul- 
phur trioxide when heated, and an indefinite melting point. 
These characteristics suggested the following questions: 


(a) How are the sodium sulphate and potassium sulphate com- 
bined? 
‘(b) How is the iron combined? 
(c) What changes occur upon heating them? 


(d) What causes the enamels to produce an acid reaction 
in water? 


An X-ray diffraction analysis was made of the enamel to 
determine the compounds present. This method of analysis is 
unique for this purpose, as it is impossible to determine the com- 
pounds present in a complex mixture by ordinary analytical 
methods. All X-ray diffraction analyses were made by the 
Debye-Scherrer-Hull method, using filtered copper radiation 
produced at 35 kv and 20 ma. The samples were mounted by 
the wedge technique in quadrant cassettes of 20.35 em radius. 

The X-ray patterns, shown in Fig. 13, indicate that the sodium 
and potassium sulphates do not exist independently in the 
enamel but are in solid solution in the weight ratio of 3 K,SO, 
:1 NasSO,, a composition corresponding closely to that of the 


Fie. 12 Faxes or Typicau Deposit; MAGNIFICATION X10 
(A, Furnace side. B, Side in contact with tube showing adherent magnetite.) 
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Lines of atkni: meta! suifete phsse 
+ 


Fie. 13) X-Ray Dirrraction PatTerns oF “ENamMeEr”’ Deposit 


AND ALKALI-METAL SULPHATES 


mineral glaserite,*4 which has a nominal formula WK,;Na(SO,)>. 
The fact that the alkali sulphates are in solid solution is shown by 
the correspondence of the lines with a synthetic solid solution of 
75 per cent K2SO, and 25 per cent NasSQ,. It is to be noted that 
the lines in Fig. 13 (11), correspond closely with those in Fig. 13 
(III), which is pure K,SO,, except that the lines of the former are 
shifted slightly to the right. This shift is characteristic of the 
formation of solid solutions, arising from the fact that the di- 
mensions of the unit cell of the potassium sulphate, which is the 
solvent in this case, are changed as sodium sulphate, the solute, is 
taken into solid solution. The change in cell dimensions of the 
solvent is reflected in shifts in its diffraction angles which are 
proportional to the amount of solute present. 

Fig. 14 (I) is an X-ray photogram of the 12th Street enamel. 
The next photogram, Fig. 14 (II), is that of the same sample 
after heating at 1400 F for several hours. It is to be noted that 
the diffraction line under the arrow in (I) has disappeared and 
that lines of Fe,0; have become more pronounced in the heated 
sample. This indicates that there was a complex iron compound 
in the deposit which was decomposed by heat to form Fe,0;. It 
will be shown later that, when the enamels are heated above 
about 1000 F, sulphur trioxide (SO;) is evolved. Therefore, it 
was believed that the iron was combined with sulphur trioxide 
in some manner, although not as ferric or ferrous sulphate, as no 
lines for these compounds were found in the X-ray pattern. It 
was reasoned, therefore, that if SO; and FeO; occurred as the 
result of heating the enamel, then by placing the heated 
enamel in an atmosphere of SO; the line which had disap- 
peared from the original sample should reappear. Accordingly, 
the sample was heated at 1000 F in an atmosphere containing 


*%“On the Formation and Inversion of Mix-Crystals and Double 
Salts in the Binary Systems of Dimorphous Sulfates of Lithiym, 
Sodium, Potassium, and Silver,” by R. Nacken, Neues Jahrbuch far 
Mineralogie, Geologie und Paleontologie, Beilageband, vol. 24, 1907, 
Pp. 1-68 (see Chemical Abstracts, vol. 1, 1907, pp. 2345-2347.) 


1. “enamel” fr 


Fiag.14 X-Ray Dirrractrion Patrrerns or ““ENAMEL” DEPOSIT AND 
PorassiuM Ferric TRISULPHATE 


about 1 per cent by volume of SO;. The next photogram, Fig. 
14 (III), is that of the product after this treatment. It is to be 
noted that the line has reappeared and the lines of Fe:O; have dis- 
appeared, thus confirming the fact that the iron in the enamel 
was combined mainly as a sulphate compound. 

Inasmuch as the X-ray diffraction literature on inorganic 
compounds did not show any iron compound with a strong line 
corresponding to that of the unknown, it was necessary to svn- 
thesize a number of likely compounds in the laboratory and to 
compare their X-ray diffraction patterns with that of the sample. 
It was found from this work, which will be described in detail 
later, that the iron is combined in the enamel as potassium 
ferrie trisulphate, K;Fe(SO,)3. It is to be noted from its X-ray 
photogram, Fig. 14 (IV), that it has an intense line correspond- 
ing to the unknown line in the enamel. This line corresponds 
to an interplanar spacing of d = 3.25 Angstrom units. The ter- 
minology of X-ray diffraction data is described elsewhere.”5 

In Table 3, it is noted that upon heating, the enamel lost 
weight and sulphuf trioxide was evolved. This loss of weight 
could result from the loss of water or from the decomposition of 
alkali-metal pyrosulphates or potassium ferric trisulphate, sul- 
phur trioxide being evolved as follows 


Heat 
K,8,0; = K,SO, + 
Heat 
K;Fe(SO,); = 3K.S0O, + Fe,0; + 380; 


Although the X-ray pattern of the enamel did not show the 
presence of pyrosulphates, which might be formed by reaction 
of sulphur trioxide with the sodium and potassium sulphates, 
there was the possibility that they might be present in amounts 
up to about 5 per cent, in which case the diffraction lines would 
not be strong enough to be detected. 


%* “X-Ray Diffraction—A New Industrial Research and Control 
Technique,” by R. Corey, Combustion, vol. 16, July, 1944, pp. 48-55. 
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The presence of pyrosulphates in the enamel is important 
from the standpoint that molten pyrosulphates attack iron oxides 
very rapidly according to the following equation 


3M28,0; (molten) + Fe:O; = 2M;Fe(SO,)3......... [7] 


where M = Naor K. 

From qualitative observations of the behavior of the enamel 
on heating, it did not appear that pyrosulphates were present to 
any considerable extent. In order, however, to determine more 
precisely the behavior of the enamel, it was heated in air for 
24 hr at various temperatures, the loss of weight being deter- 
mined at frequent intervals during this period. 

For comparison with the enamel, K;Fe(SO,)3 and a mixture 
of potassium pyrosulphate and potassium sulphate were heated 
under the same conditions; similar tests were made with the 
sodium salts. 

The K3Fe(SO,); and NasFe(SO,); were synthesized by heating 
together stoichiometric amounts of ferric sulphate and the re- 
spective alkali-metal sulphate in evacuated, sealed tubes at 1000 
F for24hr. An X-ray diffraction pattern of the products showed 
that complete reaction had occurred to form the desired com- 
pounds. The tests were made in a vertical electrically heated 
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tube furnace the temperature of which was controlled to +5 deg 
F. The velocity of air over the specimens was maintained at a 
low constant rate for all determinations. 

The results for the enamel and the pyrosulphates are given 
in Fig. 15. The lower graph gives the absolute loss of weight at 
various temperatures, and the upper graph, a different plot.of the 
same data, shows the percentage of the total loss of weight of 
the materials at various temperatures. For the enamel, these 
data may be summarized as follows: 


1 The 0.7 per cent loss at 250 F represents water. 

2 The additional loss of 0.7 per cent between 250 and 600 F 
represents decomposition of pyrosulphate, which begins at about 
600 F for potassium pyrosulphate and 500 F for sodium pyro- 
sulphate. This represents approximately 2 per cent of pyro- 
sulphate in the enamel. 

3 The sharp increase in the loss of weight between 1000 and 
1100 F represents decomposition of the K;Fe(SO,); in the en- 
amel, which is shown in Fig. 16, to begin decomposing according 
to Equation [6] at about 1100 F. Calculation shows approxi- 
mately 10 per cent of K;Fe(SO,); to be present. 


TRANSACTIONS OF THE A.S.M.E. 


It has been noted that a 1 per cent solution of the enamel 
in water has a pH of 3.3. Some of this acidity may result from 
the small amount of pyrosulphate present, but an acid reaction 
also occurs when the complex iron compounds K;Fe(SO,)3 and 
NasFe(SO,)3 are dissolved in water. This results from hy- 
drolysis of the salt by the water, liberating free sulphuric acid 
as follows: 


2Mske(SO,)3 + = + + 


A synthetic enamel was made by mixing K;Fe(SO4); and 
NasFe(SO,); in various percentages with a synthetic solid solu- 
tion of 8K2SO,-Na2SO,. A 1 per cent solution in water then was 


made of the mixture, and the pH was measured with a glass elec- 


trode. The results obtained are given in Table 4. 


TABLE 4 ACIDITY OF MIXTURES OF ALKALI-METAL FERRIC 
TRISULPHATES AND 


-—Quantity in mixture, per cent-—— pH of 1 per cent 


K3Fe(SQO,)s NasFe(SO,)s solution 
5 3.45 
10 3.05 
15 3.00 
5 3.30 
10 3. 


These pH values are of the same magnitude as that produced by 
the enamel. 

As a result of these studies, it is known that enamel de- 
posits (a) contain sodium and potassium sulphates in solid solu- 
tion; (b) contain a small amount of alkali-metal pyrosulphate; 
(ce) contain iron combined primarily as the compound K3Fe(SO,), 
or NasFe(SO,)3; (d) are acid in an aqueous solution because of 
hydrolysis of the pyrosulphates and the complex iron com- 
pounds; and (e) decompose when heated, the pyrosulphate 
breaking down at about 600 F, and the complex iron compound 
at temperatures over 1000 F. 


Reactions Berween ALKALI-METAL SULPHATES, [RON OxiDF, 
AND SULPHUR TRIOXIDE at 1000 F 


The most significant characteristic of the enamel is the 
manner in which the iron is combined, as the mechanism of cor- 
rosion is based on the reactions involved in the formation of 
the complex iron compounds. Thus if the iron oxide on the 
tube, the sodium and potassium sulphates in the enamel, and 
the sulphur trioxide in the gases in contact with the enamel 
react at operating temperatures according to the equation 
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3M.SO, + + 350; = 2M;Fe(SO,);. 


(enamel) (tube) (gas) 


then removal of the normal oxide on the tube could occur until 
the enamel was converted completely to the complex iron com- 
pound, resulting in a higher rate of corrosion of the metal than 
if the enamel were not present. Consequently, a series of ex- 
periments was directed toward determining the conditions neces- 
sary for the formation of the alkali-metal ferrie sulphate found in 
the enamel. 

Essentially, the procedure followed was to pass dry mixtures 
of sulphur trioxide and air over weighed amounts of powdered 
alkali sulphates, iron oxide, and intimate mixtures of these sub- 
stances, the gas and samples being maintained at 1000 F, and 
the tests lasting 24 hr. The samples then were weighed, the 
increase in weight representing the amount of sulphur trioxide 
that reacted with the material. A temperature of 1000 F was 
selected for these tests as representing an average temperature 
of the enamel deposit on the furnace tubes. Lower tempersa- 
tures would result in a difference in degree rather than in kind 
of reaction. The pH of these residues was determined, and an 
X-ray diffraction pattern was made when it was desirable to de- 
termine the phase that had been formed. 

The sulphur trioxide was prepared by mixing the required 
amount of sulphur dioxide with air in 20-liter bottles, using a satu 
rated brine solution as a retaining fluid. By using a layer of min- 
eral oil over the brine, any solution of the gas largely was pre- 
vented. This mixture of gases, after being dried, was then passed 
at the constant rate of 0.75 liter per hr over a platinum catalyst 
maintained at 750 F, at which temperature maximum conversion 
to sulphur trioxide occurs. The catalyst was packed into one end 
of a 1-in-diam X 26-in-long pyrex tube, separate electrically 
heated furnaces being used to heat the catalyst and the reaction 
sections of the tube. Being continuous, there were no cool sur- 
faces between the catalyst and the specimens, thus no condensa- 
tion of sulphur trioxide could occur to decrease the concentration 
in the vapor phase below that desired. Platinum-platinum- 
rhodium thermocouples were used to measure temperatures, 
which were controlled automatically to + 5 deg F. 

In Table 5 are shown the qualitative data obtained under 
these conditions. A plus sign indicates that an inerease of weight 
occurred due to the reaction of sulphur trioxide with the material 
in question, and a minus sign indicates that no reaction occurred. 


TABLE 5 REACTION OF SOs Att VARIOUS MATERIALS AT 
1000 F 


Phase formed 
SOs, per cent by volume————. when reaction 
Material 0.025 0.05 0.1 0.3 0.5 1.0 2.5 5.0 occurs 
- + +  Ke2S2O7 
Fe.03..... - - + + Fe2(SOs)s 


Mixtures of: 
_NaaSOx and Fe2Os.. + + + + NasFe(SO,)s 
+ + + KaFe(SO«)3 


and FesOs3..... + 


The significant facts from these experiments may be sum- 
marized as follows: 


| Sodium sulphate will not react with sulphur trioxide to 
form sodium pyrosulphate at concentrations of 5 per cent by 
volume, or less, of sulphur trioxide. 

2 Potassium sulphate will not react with sulphur trioxide to 
form potassium pyrosulphate at concentrations of 0.5 per cent 
by volume, or less, of sulphur trioxide. Molten potassium pyro- 
sulphate begins to form at approximately 0.8 per cent by volume 
of sulphur trioxide, which corresponds to a partial pressure of 6 
mm Hg. 

3 Ferric oxide will not react with sulphur trioxide to form fer- 
ric sulphate at concentrations of 0.5 per cent by volume, or less, 
of sulphur trioxide. 
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4 Mixtures of sodium sulphate or potassium sulphate and 
ferric oxide react with sulphur trioxide to form sodium ferric 
trisulphate, NasFe(SO,);, and potassium ferric trisulphate, K;Fe 
(SO,)s, respectively, at concentrations as low as 0.025 per cent 
of SO; corresponding to a partial pressure of 0.2 mm Hg. The 
residue dissolved in water has a pH of 2.8 to 3.3. 


Thus under conditions where neither iron oxide nor the 
alkali-metal sulphates alone will react with sulphur trioxide at 
1000 F, mixtures of these materials will combine definitely to 
form complex alkali-metal ferric sulphates. 

The relative reactivity of various mixtures toward different 
concentrations of SO; is given in Fig. 17, in which the percentage 
of the theoretical increase of weight in 24 hr, and the concentra- 
tion of SO; are plotted. To determine the effect of the amount 
of ferric oxide present in a mixture, various ratios of alkali-metal 
sulphate and ferric oxide were used. In addition, the effect of 
varying the ratio of sodium to potassium sulphate was determined 
by mixing the ferric oxide with solid solutions of the sulphates. 
All mixtures are expressed on a mol rather than a weight basis 
for convenience in calculating the maximum amount of SO; that 
would react with a given mixture. 


INCREASE IN WEIGHT, PERCENT OF THEORETICAL 
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Fic. 17. Extent or CoMPLETION OF REACTION BETWEEN VARIOUS 


MATERIALS AND SO; at 1000 F ror Periops or 24 Hr 


The significant facts to be noted from Fig. 17 may be sum- 
marized as follows: 

(a) Neither K.SO,, solid solutions of K,SO, and Na2SOQ,, nor 
Fe,O; react with concentrations of SO; less than about 0.7 per 
cent, and Na»SO, does not react in concentrations up to 5 per 
cent. (Curves F, G, H.) 

(b) Above 0.025 per cent SO;, the relative reactivity of the 
oxide-sulphate mixtures increases rapidly with SO;. (Curves 
A to E.) 

(c) The relative reactivity, for a given concentration of SOs, 
is greater for mixtures having a low iron oxide content than when 
the iron oxide is high. (Curves C and E.) 

(d) Increasing the ratio of K2SO, to Na.SO,, for a given mix- 
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ture of alkali-metal sulphate and Fe,O;, and concentration of SO; 
increases the relative reactivity of the mixture. (Curves A 
and D.) 

(e) In all mixtures containing more than 3 mols of K:;SO, to 
1 mol of Fe,03, the stoichiometric ratio required to form K;Fe- 
(SO,)s, excess K,SO, forms K.S,.0; when the SO; is higher than 
approximately 0.7 per cent. If a sufficient amount of K.S,0; 
is formed, the mixture becomes fluid (curve C), and the re- 
activity increases rapidly. This does not occur, however, with 
Na,SQ, in the range of SO; concentrations that was studied. 
(Curve B.) 

A pH determination and an X-ray diffraction pattern were 
made of the final product of a number of the mixtures of alkali- 
metal sulphates and Fe.0;. Although the pH varied somewhat 
with the amount of SO; that was absorbed, it was found to lie 
between 2.6 and 3.0, thus these materials had about the same pH 
as enamels. The question arose as to whether a disulphate, 
KFe(SO,)2, in which the ratio of K,SO, to Fe.0; is 1, would be 
formed as the Fe,0,; content of the mixture was increased. The 
X-ray patterns of a series in which the ratio of K,SO, to Fe.O,; 
was varied are given in Fig. 18 and show beyond doubt that, 
under the conditions of these tests, K;Fe(SO,); is formed regard- 
less of the K.SO,-Fe.O; ratio. Although the 1K,SO, + 1Fe.O, 
mixture is capable of forming a product containing 75 per cent 
K;Fe(SO,)3, and the 9K2SO, + 1Fe,O; mixture only 47 percent, 
the density of the predominant lines for K;Fe(SO,)3 in Fig. 18, 
made with the same X-ray exposure in each case, shows that 
increase in the iron oxide content of the mixture decreases the 
fraction of the theoretical amount of the compound that can be 
formed in a given time. Thus the relative reactivity increases 
as the iron oxide content decreases, corroborating the data in 
Fig. 17. The same results were obtained for a Na:SO,-Fe.0, 
series, in which Na;Fe(SO,); was the only complex iron phase 
formed. 

In all of the tests which have been described, the mixtures 
were prepared by mixing intimately powdered samples of alkali- 
metal sulphates and ferric oxide, thus providing a physical 
condition of maximum surface of contact between the two solid 
phases. In the case, however, of a deposit on a furnace tube, 
the point of contact is a “plane” comprising the interface be- 
tween the oxide on the tube and the deposit. In such a case, 
the rate of reaction depends upon the rate of diffusion of SO, 
inward through the enamel to the interface or the rate of dif- 
fusion of the products of the reaction outward through the 
enamel, the slower process governing the rate of reaction. 
Therefore, to simulate a deposit on a furnace tube, solid oxide 
scale obtained from heavily scaled low-carbon steel was cut into 
pieces, measuring 0.5 in. X 0.2 in. X 0.05 in., which were dipped 
momentarily into a molten mixture of 75 per cent K,SOQ, and 
25 per cent Na,SOQ,, producing on each flake a layer approxi- 
mately 0.015 in. thick of a fused solid solution of alkali-metal 
sulphates. 

The coated flakes then were placed in the tube furnace and 
heated to 1000 F in an atmosphere of SO;, O2, and N2. It was 
noted during the test that the salt became brownish, indicating 
that iron was dissolving. Specimens were removed at intervals, 
the salt being dissolved from each specimen with hot water, and 
the iron determined by a Zimmerman-Rheinhardt permanganate 
titration. A pH determination and an X-ray diffraction pattern 
were made of the coating on two specimens which were included 
in the test solely for these purposes. 

The results of the iron determinations, expressed as iron dis- 
solved per square centimeter of specimen, are plotted in Fig. 19, 
for 0.1 per cent and 0.5 per cent SO,;. Itis apparent from these 
results that reaction of iron oxide with alkali-metal sulphates 
and SO, will occur readily where there is a plane of contact be- 
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tween the salt and the oxide, and, under the conditions of these 
tests, the rate of removal of the oxide at 0.5 per cent SO, is ap- 
proximately twice that at 0.1 per cent SO;. The pH of the 
coating, dissolved in sufficient water to make a 1 per cent solu- 
tion, was 2.8. Strong lines of the compound K;Fe(SO,); ap- 
peared in the X-ray diffraction pattern. 


MECHANISM OF CORROSION 


As the result of these studies of the chemical and physical 
properties of enamel, and of the behavior of synthetic deposits 
under controlled laboratory conditions at 1000 F, in atmos- 
pheres containing SO;, it is believed that corrosion occurs during 
operation of the furnace as the result of a chemical reaction be- 
tween (a) the normal iron oxide on the furnace tubes, (b) the 
alkali-metal sulphates composing the deposit in contact with 
the oxide, and (c) the SO, in the atmosphere in contact with the 
enamel. This reaction results in the formation of the com- 
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pound K;Fe(SO,); or Na;Fe(SO,);, which is found in the en- 
amel. Corrosion will not occur to any appreciable extent in the 
absence of alkali-metal sulphates, or under conditions when the 
concentration of SO; is less than about 0.02 per cent, even though 
alkali-metal sulphates are present. 

The sequence of events, assuming that a furnace with clean 
tubes is being placed in operation, is shown schematically in Fig. 
20 and may be described as follows: 

Step A. As the result of normal oxidation between 600 and 
800 F, a thin layer of oxide forms on the tube metal. The rate 
at which this oxide grows decreases with its thickness, and in 
the absence of adverse conditions, a more or less limited thickness 
is approached. 

Step B.A layer of alkali-metal sulphates forms on the oxide. 
This is believed to result from the deposition on the tubes of al- 
kali-metal oxides which originate from the flame and from the 
molten slag on the hearth by volatilization, subsequent reaction 
with SO; in the surrounding atmosphere forming alkali-metal 
sulphates. 

Step C. As the layer of alkali sulphates thickens, the surface 
temperature increases to the point where it becomes somewhat 
sticky, and ash particles begin to adhere to it. As a consequence 
of a porous structure, the initial deposit of ash has a low thermal 
conductivity, therefore, as it thickens, the outside temperature 
ultimately increases to the point where the ash begins to form a 
layer of slag. During this process, SO, is evolved as the result 
of reactions in the ash during the melting process. 

Step D. The SO, diffuses through the alkali-metal sulphates 
and reaction occurs at the oxide-sulphate interface forming KF e- 
(SO,4)3 or NasFe(SO,)s, thus reducing the thickness of the oxide. 
The metal then will oxidize further to renew the oxide layer. 
At the same time, the thickness of the slag layer increases and 
reaches equilibrium, the temperature at the surface of the en- 
amel deposit decreasing because of the low thermal conduc- 
tivity of the slag. 

Step E. Deslagging increases the temperature of the en- 
amel, causing a portion of it to exceed the decomposition tem- 
perature of the K;Fe(SO,); and NasFe(SO,)s, and SO; is released, 
part of which diffuses to the oxide-sulphate interface and reacts 
with the oxide and the excess K,SO, and Na,SQ,. Meanwhile, 
more alkali-metal sulphate is depositing on the enamel until an- 
other layer of slag forms and the cycle is repeated. 

The mechanism of the formation of alkali-metal sulphates on 
the furnace-wall tubes (Step B) and of the SO, from the slagging 
reactions (Step C) requires further explanation. 

Regarding the alkali-metal sulphates, it has been noted in 
glass-melting furnaces** that Na,SO, may be deposited on rela- 
tively cool surfaces in the furnace, despite the fact that the glass 
charge contains no Na2SOQ,. These furnaces were fired with pro- 
ducer gas from coal having 1.7 to 3.2 per cent sulphur, hence it ap- 
pears that the Na,O which volatilizes from the glass charge and 
condenses on the cooler parts of the furnace reacts with the small 
amount of SO, in the furnace gas and forms Na,SQ,. At the 
operating temperatures of these furnaces, the amount of SO, 
present should be a small fraction of the SOs, as is also the case in 
pulverized-coal-fired furnaces. The alkali-metal sulphates are 
relatively stable compounds, the sodium salt for example de- 
composing to a negligible extent at 2550 F,?” thus implying that 
they can form at lower temperatures in the presence of extremely 
small concentrations of SOs. 


**“‘Formation of Sodium Sulfate in Glass Furnaces and Defects 
Arising Therefrom,” by W. E. 8. Turner, Journal of the Society of 
Glass Technology, vol. 17, 1933, pp. 22-24. 

"“Pyrogenetic Decomposition of Sodium Sulfate,” by K. I. 
Losev, N. I. Nicolskaya, and T. G. Guseva, Journal of Applied 
Chemistry (U.S.8.R.), vol. 4, 1931, pp. 743-756. 
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Deposits 


Although laboratory tests conducted in a gas-fired furnace, con- 
taining molten slag to which sodium sulphate was added, showed 
that perceptible amounts of alkalies were volatilized (as shown 
by their condensation on a steel surface at 800 F), and other 
smaller scale tests of the salts alone, melted in platinum crucibles 
showed that volatilization of alkalies was evident at 2400 F for 
Na,SQ, and 1650 F for NazCOs,, it is not believed that the loss of 
alkalies from the hearth of slag-tap furnaces is of great conse- 
quence. No information is available on the loss of alkalies from 
molten slag, but data on the rate of volatilization of alkalies 
from glass have been reported by Bradley.* The small amount 
lost at 2640 F from a soda-lime-silica glass containing no SOQ;, 
0.07 lb per sq ft per day, indicates that the total amount of al- 
kalies volatilized per day from the hearth of a slag-tap furnace 
may be insignificant, and that excessively long periods would be 
required to condense sufficient alkalies on the wall tubes to form 
enamel. Thus the principal source of alkalies appears to be 
the flame itself, where the temperatures are high and the small 
particles of ash suspended in the burning gases have a large sur- 
face per unit weight. Under these conditions, it is reasonable to 
believe that the concentration of alkalies in the flame is high 
compared with that volatilized from the hearth; thus the im- 
pingement of this flame directly on tubes probably contributes 
alkalies at a higher rate than any other method of transfer. 


28 ‘*Fume or Vapors From Molten Glasses,” by C. A. Bradley, Jr., 
Bulletin, American Ceramic Society, vol. 23, no. 10, Oct. 15, 1944, 
pp. 379-381. 
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The availability of SO; is an important part of the mechanism. 
It is evident that the concentration of SO; in the furnace gases 
will be low as a result of the high temperatures involved, al- 
though, as was just shown, sufficient SO; exists at similar high 
temperatures in glass-melting furnaces to form Na,SO,y. An ad- 
ditional source of SO; is from reactions occurring during the forma- 
tion of slag from coal ash, as shown in Step C. When coal ash 
melts, the sulphur it contains is released almost quantitatively, 
analyses of many slags from slag-tap furnaces showing the 
total sulphur content to be less than 0.1 per cent, computed as 
SO;. Whether the sulphur is evolved as SO. or SO; depends 
upon the form in which it occurs in the ash, but in either case O2 
also usually is present from thermal decomposition of ferric-iron 
compounds, so that any SO, released is capable of being oxidized 
to SO; while in contact with the porous ash. The presence of 
these gases is evident in any examination of slag from wall tubes, 
bubbles showing that gases were formed during melting of the 
slag. 


SMALL-SCALE FUEL-FIRED FURNACE 


One of the ultimate aims of the investigation is to reproduce 
this type of corrosion in the laboratory under conditions that 
simulate as closely as possible those in a slag-tap furnace. After 
a number of trials, a design of furnace was developed which meets 
the requirements. It consists of a refractory combustion chamber 
9 in. square and 26 in. high, fired with either natural gas or pul- 
verized coal. There are two burners, arranged so that the flame 
can be made to impinge directly upon a water-cooled low-carbon- 
steel specimen which is mounted in one wall 8 in. above the hearth, 
the heat-receiving surface being flush with the wall. To main- 
tain an even temperature on the surface of the specimen and to 
prevent the transfer of heat from the adjacent refractory, a 
guard ring surrounds the specimen. The thickness of both speci- 
men and guard ring is adjusted so that the surface of the metal is 
at a temperature of 800 to 1000 F, at a heat-transfer rate of ap- 
proximately 200,000 Btu per hr per sq ft. Thermocouples at 
different depths in the specimen permitted extrapolation of tem- 
peratures to that of the surface. A radiation pyrometer was 
used to indicate furnace temperature, and the composition of 
furnace gases, which was easily controlled for any degree of oxida- 
tion or reduction, was determined in an Orsat apparatus, the 
sampling tube being water-cooled. The pulverized-coal feeder 
constructed in the laboratory also could be used for adding 
finely ground slag or various salts. As the specimen can be 
removed quickly for examination and measurement, and test 
conditions are under complete control, the maximum facility in 
conducting tests is possible. 

Fig. 21 shows the log of a typical test in which slag and Na2SO, 
were added alternately. The decrease in the rate of heat trans- 
fer following slagging of the specimen is evident, as is its gradual 
increase during the addition of Na2SO,, probably because this salt 
acted as a flux to decrease the thickness of slag. Later, when 
slag was again added, the heat-transfer rate decreased only 
slightly, the fluxing effect of the Na,SO, remaining on the speci- 
ment still being evident. 

Although, in the relatively few tests made so far, it has not 
been possible to obtain corrosion deposits closely resembling those 
found in large furnaces, it is believed that the ability to reproduce 
large-scale conditions has been achieved and that further experi- 
mentation will furnish satisfactory results. 


CONCLUSIONS 


The results of laboratory experimentation have shown that 
external corrosion of furnace-wall tubes is the result of the com- 
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bined action on the tube surface of alkali-metal sulphate deposits 
and sulphur trioxide. Absence of either of these materials ef- 
fectively prevents corrosion, neither material by itself being cor- 
rosive under normal furnace conditions. 

From these considerations, it appears that prevention of cor- 
rosion will depend on establishing conditions at the tube surface 
such that alkali-metal sulphates cannot deposit on the tube, or 
the concentration of sulphur trioxide is reduced below that capa- 
ble of reacting with alkali-metal sulphates and iron oxide to 
form K;Fe(SO,)3; and NasFe(SO,);. This suggests that reducing 
the amount of alkali-metal oxides or sulphur trioxide in the gas 
phase in contact with the tube by the addition of air along the 
tube surface should effectively prevent. further corrosion, thus 
corroborating field observation in which it was shown that the 
maintenance of oxidizing conditions near the tubes by means of 
burner changes or “‘air-belting”’ effectively stopped further loss 
of metal. Thus the addition of air serves only to ventilate the 
tube surface, the role of such air being considered to be that of a 
diluent, and the fact that carbon monoxide disappears in the 
process is not in itself important where ‘enamel’ deposits are 
concerned. 
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Helical Taper Reamers Milled With 
Constant Helix Angle 


By THOMAS F. GITHENS,! CLEVELAND, OHIO 


The author explains the process of milling helical flutes 
on a taper reamer so thaf the flute will have a constant 
helix angle of 45 deg at every point along the length of the 
reamer. The problem is solved by the development of a 
former or master cam cylindrical in shape and bearing 
upon its lateral surface a helical groove such that, as the 
cylinder turns on its axis with constant angular velocity, 
the whole former advances in the direction of its own axis 
at a controlled but variable feed. The milling cutter is 
mounted so that its plane forms a constant angle with an 
element of the taper blank being machined to form the 
reamer. The advantage of the method described is its 
adaptability to a quick practical solution either mathe- 
matically or by graphical means. 


INTRODUCTION 


HE problem is to mill helical flutes on a taper reamer so 

that they will have a constant helix angle of 45 deg at 

every point along the length of the reamer. 
helical taper pin reamer. 


Fig. 1 shows a 


Fie. Hevicat Taper Prin REAMER 

In the present discussion, the helix angle at any point on the 
helix is defined as the angle made by the tangent to the helix with 
the element through the point. It is defined mathematically 
by the equation: Tangent of the helix angle = 
lead. This definition is illustrated in Fig. 2. 

On a cylinder, a helix with constant lead will have a con- 
stant helix angle, because of the relations existing in the formula 
just given. 


circumference 


On a cone, however, such as the surface of the taper reamer, 
the circumference varies with the distance from the apex or 
point; therefore, if the lead is constant, the tangent of the helix 
angle will vary with the circumference. 

In order to obtain a constant helix angle on the cone, we must 
vary the lead with the circumference, so that (tangent of the 
helix angle = cireumference/lead = a constant), i.e., circumfer- 
ence and lead must both vary. 

The problem is, with what lead must the helical flutes of the 
taper reamer be milled to secure a constant helix angle; or, in 
other words, the problem is that of finding a combination of 
circumference and lead so that the ratio is constant. 

In Fig. 3 is shown a constant-lead helix on a cone. It is 
interesting to note that the horizontal projection of this helix is 
the “spiral of Archimedes.”’ This is the spiral traced by a point 
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TOFIND: HELIX WITH 
CONSTANT HELIX ANGLE OF 45° 


GIVEN. CYLINDRICAL FORMER 

TO FIND: “INCREASED TWiST HELIX” 
WHOSE LEAD AT EACH POINT 1S THE 
SAME AS THAT OF A 45° CONSTANT 
ANGLE HELIX ON A GIVEN CONE 
(TAPER Din REAME 

CONSTRUCTION’ BY PROJECTION 


CONSTRUCTION: HORIZONTAL PROJECTION IS LOGARITHMIC SPIRAL, 
DEFINED AS CURVE WHICH CUTS THE RADII FROM O AT A CONSTANT 
ANGLE V, WHOSE COTANGENT 15 Mm IN THE POLAR EQUATION 
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(LEAD REVOLUTION 


Fic. 4 Hetrx on Conw With Constant ANGLE 


which, starting from the origin, moves with uniform velocity 
along a ray while the ray itself revolves with uniform angular 
velocity about the origin. In Fig. 4 is shown a constant-angle 
helix on a cone. This is the helix which presented the problem. 
How can this helix be calculated and drawn? In Fig. 5 is shown 
an increasing “twist” or lead helix on a cylinder. This helix 
has the same “‘leads”’ as the one shown in Fig. 4 and will produce 
the constant-angle helix on the cone there shown. 


Mernop or TAPER REAMER 


In Fig. 6 is shown diagrammatically the method of milling a 
helical taper reamer. The sketch shows the former or master cam 
cylindrical in shape, and bearing upon its lateral surface a helical 
groove, such that, as the cylinder turns on its axis with constant 
angular velocity, the whole former shall advance in the direc- 
tion of its own axis at a controlled but variable feed. 

There is also shown the milling cutter mounted so as to have its 
plane form a constant angle (45 deg in practice) with an element 
of the taper blank to be transformed into a reamer. From this 
diagram it will be seen that the lead of the reamer flutes is ob- 
tained from the “former” or guide. The problem resolves itself 
into the question: With what increasing or varying lead (in- 
creased twist helix) shall the grooves on the cylindrical former be 
cut to secure a groove of constant helix angle on the conical ream- 
ers? 

The method of solution was to find the relation between the 
value of the axial distance from the vertex Z, see Fig. 7, and 
radius p of the cone for any point on the helix such as P, and the 
angle of rotation 6. 


MATHEMATICAL ANALYSIS 
For the method of analysis consider Fig. 7: 


Fie. 5 Hetrx on Cytinper Witu Twist 


MILLING CUTT 


FORMER _ PIN 


Fic. 6 Mertruop or MILLING A TAPER RBAMER 


(a) The angle between the axis and an element of the cone 
(angle 6 of the figure) is a constant. ‘ 

(b) Let P be a representative point on the conical helix; 
APQ the corresponding element of the cone; TPT’ a tangent 
to the conical helix and making with APQ a constant angle a, 
located in the tangent plane through the element APQ. 

(c) Let CP = p be the perpendicular distance of P from the 
axis of the cone. 

(d) Since plane ACP is always perpendicular to the tangent 
plane APT’ and since AP, the intersection of the two planes, 
makes constant angles with both CP and 7'PT’, the angle be- 
tween CP and 7'PT’ is also constant. 

Consequently, the projections of CP or p and of TPT’, namely, 
OM and TM, on the z, y-plane, will always form a constant angle 
y of the figure. 
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(e) Consider the direction of T’PT to be kept constant while 
the cone, to an observer looking from base to apex, rotates in a 
clockwise direction, thus causing point P to move relatively in a 
counterclockwise direction toward the base of the cone and away 
from the axis. 

It is evident that the projection M of point P upon the z,y- 
plane, i.e., upon any plane perpendicular to the axis of the cone, 
will travel in a spiral curve such that p is the radius vector of a 
representative point and M7, the zy-projection of the tangent 
T'PT, is always tangent to it. Our problem is now resolved 
into the finding of the equation of the spiral in the z,y or any 
parallel plane in terms of the vectorial angle @ of the figure and the 
constants that are known; and, in obtaining a relation which 
will give the distance of P from a reference plane through a 
parallel to plane z,y for any and every value of @ and of p. 

Any standard textbook in calculus? derives the formula for the 


Fie. 7 Marnematicat DiaGRAM 


angle between the radius vector of a curve, whose equation is in 
polar co-ordinates, and the corresponding tangent to the curve. 
The formula is 

1 dp 


cot =- 
v p 


Applying this 


M¢ 

= cot y = cot (OMT) = oF 
PO sin (MPQ) sin’ 
PQ tan a tan @ 


Since 8 and @ are definite angles, sin 8 and tan @ are constants. 
By separation of the variables 


dp sin 8 
“tan 
By integration 
sin 80 
log tan @ 


that is 


*See for example, “Elements of the Differential and Integral 
Calculus,” by W. H. Granville, Ginn and Company, Boston, Mass., 
1911, p. 144. 
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sin 8 6 
log Cp = — = (sin 8 cot a)@ 
a 
This in exponential form is 
Cp = e(sin 8 cot a) 
or 
1 (sin 8 cot a) # 
Let R t 
= cons 
(1] 


1 
when @ = 0,p = cn R, where R is the initial value of the radius 


vector for the value of @ = 0. This is the equation of the curve 
known as the “logarithmic spiral.” By definition this is a curve 
which cuts radii from the origin at a constant angle. 

Again, from Fig. 7, let the distance of P from a reference plane, 
through the vertex A parallel to plane z,y, namely, AC, be 
called z, then 

= = cot A, i.¢., 8 = p cot (2] 
since CP = OM = pis a representative radius vector. 

The foregoing Equations [1] and [2] fully define the motion 
styled a conical helix. 

In Equation [2], we can substitute the value of p given in 
Equation [1] and get 


[3] 


In this equation there are two unknowns z and 6. All the 
other values are constants given by the problem. To construct 
the helix, assume values for @ and compute the corresponding 
values of z. The former itself may then be laid out in a milling 
machine by turning the former through the required angle 6 
with an index head and then measuring off the distance z by 
means of the micrometer measuring screw. 

The curve may also be plotted on a piece of paper, abscissas 
being distances around the circumference (6), and ordinates being 
the distances z. This paper may then be wrapped around the 
cylindrical former thus getting the helical curve 


SaMPLE CALCULATIONS 


Sample calculations from these formulas are as follows: 
Taper of reamer '/, in. per ft. 
Diameter of reamer at small end is 0.075 in., radius (R) is 
0.0375 in. 
Helix angle required is 45 deg. 
From this 


1 
= — = 0.0104167 
96 


cot 8 = 96 
“. B = 0° 35’ 481/,” 
“. sin B = 0.0104160 
cot a = cot 45° = 1 
R= 0.0375 
e = 2.71828 
Substituting in Equation [3], we get 
z = (96) (0.0375) 2.71828%@-0104160 6) 
= (3.6000) 4) 
log z = log 3.6000 + 0.0104160 (6) log 2.71828 
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FRONT ELEVATION 


Therefore 


Fig. 8 


log z = 0.5563025 + 0.0045236 (6) 


Substituting various values for 6, we can calculate z as given in 


Table 1. 


TABLE 1 CALCULATING VALUES FOR z 
6 z Increase 
1/2 or 1/4 revolution 3.6594 
x or !/2 revolution 3.7198 0.0604 
1!/om or 3/4 revolution 3.7811 0.0613 
2 x or 1 revolution 3.8435 0.0624 
2'/enx or 1!/4 revolutions 3.9069 0.0634 
3 x or 1!/2 revolutions 3.9713 0.0644 
3!/om or 13/4 revolutions 4.0368 0.0655 
4x or 2 revolutions 4.1034 0.0666 
41/om or 21/4 revolutions 4.1711 0.0677 
5 x or 21/2 revolutions 4.2399 0.0688 


For a graphical solution of the problem refer to Fig. 8; in this 
figure we have data as follows: 


Given: 


The vertex angle of the cone (8) and the helix angle of 


the helix (a). 


To find: 


The constant angle v of the logarithmic spiral, which 


is the horizontal projection of the helix, in terms of 8 and a: 


r = ae” is equation of logarithmic spiral 
a = 0.0375 for smallest reamer (6 = 0) 


m = cot »v (see footnote’) 


3 “Mechanical Engineers’ Handbook,” by Lionel 8. Marks, fourth 
edition, McGraw-Hill Book Company, Inc., New York, N. Y., 1941, 


p. 155. 


GRAPHICAL ILLUSTRATION 


MAY, 1945 


ErEVATION 


To illustrate the method of finding m: 


2 


Draw cone in plan, elevation, and the two end views 

Assume point P, find projections Pi, P2, Ps 

The tangent to the helix at P will lie in the plane AB, which 

is tangent to the cone 

Assume P,D, and PE, convenient equal lengths 

Draw D.E; so that B2P2F2 equals helix angle 

Draw horizontal projections CD, EF, and DPE, CD 

= 

Draw side elevation C;D;, E3F;, and DyP3E3, = Cas 
cP TP, sin B 

m = cotv = cot CPD = CD CiD, CaDr 


—— = cota 


“. m = sinBcota 
When a = 45°, cot a = 1 
m = sin B 
(sin 8)@ 
a = 0.0375 
e = 2.71828 


Sin 6 = 0.0104160 
(tan 6 = 1/8 + 12 = 1/96 
= 0.0104167) 
= 0.0375 X 6) 
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GITHENS—HELICAL TAPER REAMERS MILLED WITH CONSTANT HELIX ANGLE 


CONCLUSIONS 


When the tangent to a helix on a conical surface makes a 
constant angle with the element of the cone through the point 
of tangency, then the projection of the helix on a plane perpen- 
dicular to the axis of the cone is a logarithmic spiral. From the 
equation of the logarithmic spiral can be readily found the radius 
vector of the point on the helix corresponding to any particular 
angle of rotation. This radius vector is trigonometrically re- 
lated to the axial distance from the vertex of the given cone. 

Knowing the axial distance from the initial position of the helix 
on the cone, a cylindrical former for producing that helix can be 
laid out having an increased twist helix on its surface, any point 
of which is at the same axial distance from its initial position 
as the point on the conical helix for the same angle of rotation. 

The advantage of this method is its adaptability to a quick 
practical solution either mathematically or by graphical means. 
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Discussion, 


BE. A. RatzeE..‘ 
interesting means of machining taper reamers with a constant 
helix angle. He shows clearly the procedure to be followed for « 
particular angle and taper. There is an implication, however, 
that each size and shape of reamer requires a special former. 

The following discussion shows that a former designed for one 
reamer can be used to machine all reamers regardless of size, 
taper, or helix angle. Either a milling machine or a lathe can be 
used. A lathe will prove more satisfactory if production is sut- 
ficient to warrant almost continuous use of one machine. Sub- 
stitution of a former for the lead screw of a lathe is all that is re- 
quired. 


The author has presented an extremely 


Fic. 9 DraGRAM SHOWING FoRMER SUBSTITUTED FOR LEAD ScREW 
or LarHE TO MAKE REAMERS OF ANY S1zE, TAPER, OR HELIX ANGLE 


Fig. 9 of this discussion illustrates the application. A gradu- 
ated scale H for Ry is fixed relative to the former FP. The posi- 
tion of the saddle D is adjusted until the former pin @ is at a 
value of Rp, calculated from 


cot B 
cot By 

The cutting tool Z, which has been ground to the shape of the 
flute desired, is set at the end of the taper by using the compound 
rest at 90 deg, or by adjusting the taper in the chuck. The 
taper attachment of the lathe is used in the ordinary manner. 


‘ Associate Engineer, Armour Research Foundation, Chicago, Ill. 
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The ratio of the speed of the chuck to the speed of the former 


is caleulated from 
sin By cot ay 


Of sin B cot @ 


The taper reamer will then be cut with a constant helix angle. 
The two formulas just given have been determined by equat- 
ing the relation between Z and 6 for a taper reamer requiring 
a, B, and Ry to the relation between Z, and 6, of the former de- 
signed for ayand Sy. Here 4, is measured from a point at which 
R= Rn. 
A, Tapered shaft 
B, Lathe chuck 


C, Geared drive 


D, Saddle 


FE, Cutting tool 

F, Former substituted for lead screw 
G, Former pin 

H, Graduated scale for Ry 


F. W. Lucnut.§ The writer has had occasion to assist in the 
tooling up of many taper-reamer jobs where it was considered 
advisable to have reamer flutes milled at a 45-deg helix angle to 
obtain a smooth finish in the taper hole in finish-reamed parts. 
Most of these jobs did not have a slight taper of !/, in. per ft as is 
used on taper pin reamers but had increased tapers of #/, in. 
per ft, 11/2 in. per ft, and even larger. This made the problem 
even more difficult to handle than that cited by the author. 

The best we could do when we milled the flutes in the reamer 
was to select a lead which would give an average helix angle of 
45 deg in the portion of the reamer which would do the most 
work. 
deg as we approached the small end of the reamer, and a helix 
angle greater than 45 deg as we milled the flutes nearer to the 
large end of the reamer. The deviation from the required 45- 
deg helix angle would become even greater for reamers which had 
increased tapers. 

It was also found that when these taper reamers were put into 
operation, one end of the reamer would sometimes leave a much 
better finish in the hole than the otherend. When this happened, 
we frequently had to make more than one taper reamer until we 
found one which would meet the requirements. 

Such a method as described by the author will permit a taper 
reamer to be made with some definite degree of spiral which it is 
known will give the best results. This reamer will give a uni- 
formly smooth finish for the full length of the taper hole in the 
work when it is new. It should also give a uniformly smooth 
finish in the taper hole for the successively different axial posi- 
tions as the reamer is sharpened to the final position where it be- 
comes undersize in diameter. 

Owing to the fact that a former is required for this method of 
milling a taper reamer, is it possible that this method can only be 
applied to reamers having definite sizes and tapers? It would 
seem that a former can be developed for each size taper, for ex- 
ample, one for '/, TPF, one for */, TPF, one for 1!/. TPF, etc., 
and when a particular reamer has to be milled, a definite portion 
of the former can be used. In other words, if the small diameter 
of */, TPF reamer is 11/4, the flute length is 6 in., and its large 
diameter is 15/s, one portion of the former will be used. If the 
small diameter of another */, TPF reamer is 1'/2, the flute length 
is 7 in., and the large diameter of the reamer is 115/is, another 
portion of the former will be used. 

There is no reason why this analysis cannot be applied to helix 
angles other than 45 deg. 


This meant that we obtained a helix angle less than 45 


AUTHOR’s CLOSURE 


The author is grateful to Mr. Ratzel for his valuable suggestion 


5 Development Engineer, 
Mich. 


Carboloy Company, Ine., Detroit, 
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which makes it possible to adapt one former to any size, taper, or 
helix angle. 

In the machine set up as shown in Fig. 6, the one former 
has actually been used fora large range of reamer sizes by start- 
ing the former at various points along its axis; but the former 
can be used for only those combinations of taper and helix angles 
as will make sin 8 cot a = 0.0104160; see sample calculations 
following Equation [3]. For other tapers and helix angles it 
would be necessary to make a new former. Mr. Ratzel ingen- 
iously uses one former as a lead screw and by the proper gear- 
ing as shown in his equation secures another increased lead which 
will fit any combination of size, taper, and helix angle. This 
cannot be done in a machine of the type shown in Fig. 6 where 
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the former directly turns and moves the work forward, without 
the use of change gears. 

The experiences related by F. W. Lucht are very interesting 
and show that there are practical problems for which this method 
will supply the solutions. As Mr. Lucht says, one former wil! 
mill a large range of sizes of a given taper and helix angle; for 
example, for a taper of '/, inch per foot and a helix angle of 45 
deg one former was actually used for milling all sizes from about 
0.0966 in. to 0.3540 in. This was done by using the part of the 
curve in Figs. 4 and 5 near the apex for small sizes, and the part 
near the base for larger sizes. The exact place to start on the 
former can be calculated by substitution of the correct value of 
R in Equation [3]. 
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Silica Deposition in Steam Turbines 


By F.G. STRAUB? ann H. A.GRABOWSKI,? URBANA, ILL. 


Laboratory and power-plant tests have been conducted 
to determine the cause of silica deposition in steam tur- 
bines. The tests indicate that the silica leaves the boiler 
as vaporized silicic acid which later crystallizes on the 
blades in the lower-pressure stages of the turbine. When 
the silica in the steam is below 0.1 ppm, no appreciable 
deposits are found in the turbines. Two methods of pre- 
venting deposits are suggested; (1) maintain the silica in 
the boiler water below 5 ppm; (2) remove the silica from 
the steam by scrubbing with a pure-grade water. 


trouble in the steam-power plant. In recent years almost 

parallel with the increase in steam pressures, a new type 
of deposit appears to be forming in steam turbines. When the 
upper steam pressures were about 600 psi, the deposits which 
formed were water-soluble and could readily be removed by a 
water wash. The average type of deposit was mainly the sodium 
salts such as chlorides, sulphates, and silicates together with so- 
dium hydroxide. 

Since the increase of steam pressures to around 1400 psi and 
the installation of topping turbines, the type of deposit formed in 
the high-pressure end of the topping turbine is similar to older 
types and is water-soluble. However, at the low-pressure end of 
the topping unit and in the low-pressure machines, a deposit in- 
soluble in water is formed. This deposit consists mainly of 
silica (SiO,) in its various crystalline forms. It may be removed 
by mechanical cleaning or by washing with sodium hydroxide. 

It has been rather difficult to give a logical explanation of how 
the silica present in the boiler water as sodium silicate is trans- 
ported through the high-pressure turbine and deposited on the 
low-pressure machines as a crystalline silica. Splittgerber® pre- 
sented experimental data which showed that silica could be vapor- 
ized from silicic acid in appreciable amounts at 100 atm steam 
pressure. These results showed that the silica in the steam in- 
creased with increasing silica concentration in the boiler water. 
As the pressure increased, the silica in the steam increased. The 
addition of NaCl, NasSO,, NaOH, and Na;PQ, to the boiler 
water caused the silica in the steam to decrease. The values 
given by Splittgerber were not readily correlated with data availa- 
ble from boiler operation. 

If this work of Splittgerber could be carried further and addi- 
tional data collected as to the feasibility of silica leaving the 
boiler as vaporized silicic acid, a logical explanation would be 
available to account for the deposition of the silica crystals in the 
low-pressure turbines. If silicic acid hasan appreciable vapor pres- 
sure at higher steam pressures, the sodium silicate in the boiler 
would hydrolize, and silicic acid would be present in the 


tote ans deposits have been the cause of much 


! Data from research conducted at the University of Illinois in co- 
operation with the Utilities Research Commission of Chicago and 
released by permission of both organizations. 

* Engineering Experiment Station, University of Illinois. 

*“The Volatility of Silicic Acid,’ by A. Splittgerber, Archiv. fiir 
Warmewirtschaft, vol. 22, 1941, p. 66. 

Contributed by the Joint Research Committee on Boiler Feedwater 
Studies and presented at the Annual Meeting, New York, N. Y., 
Nov. 27-Dece. 1, 1944, of Tae American Society or Mecuanicat 
ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


steam in amounts depending on the mole concentration of the 
silicic acid in the boiler water and the vapor pressure of silicic 
acid at that temperature. Since the concentration in boiler water 
of the silicates is very low, the amount in the steam would be 
much lower than that corresponding to the true vapor pressure 
of silicic acid. When superheated steam containing this amount of 
silicic acid is dropped in pressure and temperature, a point will be 
reached where the silicic acid in the steam becomes greater than 
the amount corresponding to the vapor pressure of solid silicic 
acid.» When this point is reached, the silicic acid in the steam 
will leave the superheated steam and deposit as a hydrated- 
silica deposit. If the steam reaches the saturation point before 
this occurs, the silicie acid being slightly soluble in water will be 
dissolved in the condensate and no deposit will form. 2 

Since this appeared to be a logical approach to this problem, 
laboratory work parallel with power-plant tests was inaugurated 
in order to see if Splittgerber’s method of approach was applica- 
ble to the problem of silica blade deposits. The laboratory work 
was conducted along two lines as follows: 


1 The relationship between silica in the steam and silica in 
the boiler water at various pressures. 

2 The relationship between solid silicic acid and the silica in 
the steam at various pressures and temperatures. 

The power-plant tests were conducted to find the following: 

1 The relationship between the silica in the steam and silica in 
the boiler water. 

2 The changes occurring in the silica in the steam as it passed 
through the turbines. 


LABORATORY INVESTIGATION 


RELATIONSHIP BETWEEN SILIca IN STEAM AND Smica IN BoILeR 
WATER AT VARIOUS PRESSURES 


The silica in the steam cannot be considered as being mechani- 
cally carried into the steam as the soluble silicate occurring in 
the boiler water. If it were being mechanically carried, the salts 
in the steam entering the superheater should be present in the 
same relative proportions as they are in the boiler water. Thus, 
with a total dissolved-solids content of 500 ppm and SiO, 30 
ppm in the boiler water, a steam having 0.30 ppm of SiO, should 
have 5 ppm of soluble solids present, if the silica were present as 
a mechanical carry-over from the boiler water. Since the total 
solids in the average steam, as indicated by conductance meas- 
urements and evaporation tests, are well below 1 ppm, the pres- 
ence of such a large percentage of silica would indicate that there 
was a selective concentration of silica in the steam. 

If the silica were being vaporized as silicic acid, such concen- 
trations could occur in the absence of mechanical carry-over. In 
order to obtain data as to the possibility of such vaporization, 
tests were started using a high-pressure laboratory boiler, Fig. 1. 
This boiler was designed to prevent any mechanical entrainment 
of boiler water in the steam. It also prevents any condensation 
of steam prior to leaving the boiler and thus gives a representa- 
tive sample of the steam in equilibrium with the boilerwater. 

The steam from the boiler was condensed under pressure, the 
pressure reduced to atmospheric, and passed through a conduc- 
tivity cell and a glass electrode to determine the conductance and 
pH value before exposure to air. In order to check the amount of 
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entrainment of boiler water in the steam, the boiler was operated 
at 600 F (1540 psi) with 1200 ppm NaCl in the boiler water. 
The steam contained less than 0.01 ppm of NaCl. Tests with 
sodium hydroxide gave similar results. These tests showed that 
the mechanical entrainment of boiler water was less than 0.001 
per cent.‘ 

The boiler was then operated with varying amounts of sodium 
silicate in the boiler water by adding crystalline Na.SiO3;.5H,O or 
a solution Na,O 2SiOs, or NaOH to distilled water. The conduc- 
tance, pH value, and silica content of the steam were determined. 
The silica content was determined colorimetrically.5 Table 1 


TABLE 1 RELATION OF COMPOSITION OF SOLUTION IN BOILER 


TO STEAM LEAVING BOILER 


Ratio in % 


Temp. Solution in Boiler Steam 
of S10, St 
Sat, Steam S10, pH NaCl SiO, 3p. Cond. pH Sida Boln. 
F ppm ppa pom Micromhoe 

550 4.4 8,8 ---- 0.02 0.33 7.35 0.45 
550 3.8 10.2 ---- 0,02 0.31 7.65 0.52 
550 20.4 10.2 ---- 0,07 0.35 7.60 0.35 
550 20.2 10.1 700 0,07 0.37 7.50 0,35 
550 20.2 10.1 1460 0.06 0,42 7,50 0.x” 
600 4.4 8.8 —-- 0.06 0.45 6,60 1.36 
600 3.8 10.2 --— 0,04 0.30 7,40 1.05 
600 12.8 10.5 —— 0.14 0.32 7,70 1.10 
600 21.4 10,5 —-- 0,22 0.29 7,60 1.05 
600 21.0 10,1 1580 0.17 0.42 7.20 0.82 
600 18.8 10,2 3160 0.16 0.56 7.20 0.85 
600 19.6 11.1 3160 0.09 0,60 7.0 0.46 


gives the results of these tests. The results indicated that at 550 
F (1045 psi), there was a measurable amount of SiO, in the steam 
which increased as the silica in the boiler water increased; at 
600 F (1540 psi), the SiO, in the steam reached an amount equal 
to about 1 per cent of the silica in the boiler water when the pH 
value of the boiler water was around 10. The addition of sodium 
chloride to the boiler water decreased the silica in the steam a 
small amount. However, increasing the pH value of the boiler 
water from 10.2 to 11.1 had a much greater effect in reducing the 
silica in the steam than the addition of 3160 ppm of NaCl had on 
the SiO. content. Another interesting observation was that, 
as the silica in the steam varied, the conductance and pH value of 
the steam remained practically constant. This indicated that the 
silica was present in a form which would not affect the pH value 
or conductance of water to any marked degree for such low con- 
centrations. 

Table 2 shows the results of tests run at 600 F (1540 psi) with 
potassium hydroxide, silicate, and chloride in the boiler water 
The results indicate that the ratio of the silica in the steam to the 
silica in the boiler water is the same as when the sodium salts were 
present. As the pH of the boiler water increases, the SiO, in the 
steam decreases. The addition of KCI also decreases the SiO, in 
the steam. 

In order to vary the silica content of the boiler water and to 
study the effect of solids present in the boiler water, the procedure 
of testing was changed. Steam generated from distilled water in 
the boiler, shown in Fig. 1, was passed into a bomb, Fig. 2, so con- 
structed that the steam bubbled through a solution kept at the 
same temperature as the steam. The composition of the solution 
could be varied as desired by adding chemicals. The advantage 
of the use of the bomb was that it could be easily taken apart and 
cleaned when different solutions or solids were used. 

Table 3 gives the results of tests conducted at 600 F (1540 psi), 
in which varying amounts of silicates were in solution in the bomb 
at different pH values. The results obtained are in good agree- 


4 “Solubility of Salts in Steam at High Pressures,’’ by F. G. Straub, 
Proceedings, Third Water Conference, Engineering Society of West- 
ern Pennsylvania, 1942. 

5 “Photometric Determination of Silica in Condensed Steam in 
Presence of Phosphates,’’ by F. G. Straub and H. A. Grabowski, 
Industrial and Engineering Chemistry, Anal. Ed., vol. 16, 1944, p. 575. 
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TABLE 2 RELATION OF COMPOSITION OF SOLUTION IN BOILER 
TO STEAM LEAVING BOILER 


Potaseiun Salte Veed in Zotler 
Temp. Solution in Boiler tear 
of 

Sat, Soln 3109 pH So. Cond OH 
F pom icromhos 

600 1.9 8.0 0.03 0,2? 7,22 1.58 
600 5.2 5.2 0.06 0,27 7,22 1.15 
600 17.0 1.6 0.23 27 1.36 
600 17.2 9.6 0,20 0. 28 7,20 1.16 
600 19,2 10.7 0.16 C.26 7,20 2.84 
600 19.8 11.1 0.12 0,2? 20 0.61 
600 6.0 10.8 (1) 0,03 0, 36 7.20 0.50 
600 19.4 11.0 (2) 0.10 0.35 7.17 0.83 


iE Solution also had 1000 ppm KCl present. 
2 Solution also had 1880 pnm KCl present. 


ment with those obtained in the tests reported in Tables 1 and 2 
and show that apparently the bomb tests are similar to the boiler 
tests. 

Table 4 gives the results of tests conducted at temperatures be- 
tween 400 F (250 psi) and 600 F (1540 psi), with high concentra- 
tions of silica and lower pH values. Table 5 gives the results of 
tests run between 500 and 600 F, with pH values similar to those 
encountered in steam-boiler operation. 

When the ratio of the SiO, in the steam to the SiO, in the solu- 
tion is plotted against the pH value of the solution, Fig. 3, it is 
shown that this ratio varies inversely with the pH value. With a 
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STRAUB, GRABOWSKI—SILICA DEPOSITION IN STEAM TURBINES 


RELATION OF COMPOSITION OF SOLUTION IN BOMB 
TO STEAM LEAVING BOMB 


TABLE 3 


Temperature 600°F (1545 pei) 


Solution in Bomb 
Sic 2 
ppm DH 


Steam 
cond, 
Micromhoe pH 


OTA 


Ic 

¢ 6 


0.28 
0,25 
0,26 


2.4.6.8 
~ 


Ci). 


~ 


on aleo had 1440 ppm NagSC, present. 


RELATION OF COMPOSITION OF SOLUTION IN BOMB 
STEAM LEAVING BOMB 


TABLE 4 


Ratio in 


SiCs Steam 
o10s Soin. 


8.1 
8.1 
6.8 
8.6 
6.6 
9.8 

5 


2 


TABLE 5 RELATION OF COMPOSITION OF SOLUTION IN BOMB 
TO STREAM LEAVING BOMB 


Silica in Bomb with Average pH Valuee 
Ratic in % 


SiCg Steam 


Temp. of Stearn 


Sat. Steam 
op 


Solution 
iC 


500 
500 
500 
500 
550 
550 
550 
550 


600 
600 
600 


(1) Solution aleo had 1550 ppm NaCl vreeent. 
(2 Solution also had 424 ppm NsCl present. 


low pH value in the solution, the silica content of the steam is 
greater than when the pH value is high. 

The silica present in the steam is of a very high order of mag- 
nitude when compared to the sodium hydroxide or sodium 
chloride found in the steam. At 600 F (1540 psi), saturated steam 
from the hydroxide or chloride solutions showed less than 0.001 
per cent of the sodium salts in the steam. However, when sili- 
cates were present in the solution, the silica in the steam varied 
between 0.4 and 1.6 per cent of the silica in the solution. This 
Variation in silica from 0.4 to 1.6 per cent was due to the change 
in pH of the solution. Thus the silica is present in the steam in 
such large amounts as to preclude the possibility of its being 
mechanically entrained in the steam. Furthermore, the lack of 
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much change of conductance or pH value of the steam with in- 
creasing silica content indicated that the sodium salts of silica are 
not present. 

With a solution having a pH value around 10 to 11, the amount 
of silica in the steam is about 0.05 per cent of the silica in the 
solution at 500 F (681 psi); 0.15 per cent at 550 F (1045 psi); 
1.0 per cent at 600 F (1540 psi); 1.6 per cent at 625 F (1854 psi) ; 
3.3 per cent at 650 F (2211 psi). 

The variation of SiO, in the steam with the change of pH in the 
boiler water, its rapid increase with temperature increase above 
500 F (681 psi), combined with the lack of a marked effect on the 
conductance and pH value of the steam, all indicate that 
the silica is not present in the steam as the sodium silicate. If the 
silica leaves the boiler water in another form than the sodium sili- 
cate, it may be in some form of silicie acid, such as H,SiO, or 
H.SiO;. Sodium-silicate solutions hydrolyze and at some tem- 
perature around 500 F could liberate silicic acid. This reaction 
would be influenced by the pH value of the solution and, since 
silicie acid is a very weak acid, it would in turn have only a slight 
influence on the pH value or conductance of the condensed steam. 


RELATIONSHIP BETWEEN SOLID SiLicic ACID AND SILICA IN STEAM 
AT VARIOUS TEMPERATURES AND PRESSURES 


If silicie acid is being vaporized, solid sodium silicate in contact 
with superheated steam should be present in the steam in amounts 
equal to its vapor pressure. In order to determine the action of 
these solids in contact with superheated steam, the test procedure 
was changed. Steam from the laboratory boiler was passed 
through the bomb shown in Fig. 4. The salts to be studied were 
pumped into the bomb in solution or suspension, and the tempera- 
ture of the bomb, being above the saturation temperature, gave 
superheated steam in contact with the solid materials to be 
studied. Copper spirals were placed on the plates in the bomb in 
order to increase the contact surface. The steam leaving the 
bomb passed through a stainless-steel tube '/, in. OD X 20 gage 
about 10 ft long to a double coil (stainless-steel '/, in. X 20 gage in- 
side coil) condenser. The rate of flow was controlled by a 
needle valve on the outlet end of the condenser. Thus the steam 
was cooled while under pressure with no throttling of the steam. 

The bomb was partly filled with a solution of sodium silicate 
made from crystals of NaSiO;.5H,O and heated with the re- 
moval of steam until the steam was superheated, and then steam 
in the bomb kept superheated. This allowed superheated steam 
to be in contact with the solid sodium silicate. When steam at 
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3.6 8.8 0.03 0,28 L,83 le | 360 | | 
6.4 9,7 0.04 0,27 0.74 | 08} | 
5.4 9.9 C.05 0,36 Ratio of ys ° 
48.5 10.0 0.48 0,24 1.00 
42,2 10.2 0,44 0.31 1.02 
41.8 0.36 0,29 0.66 
v.01 0,33 . 
(1) 0,27 0.70 ‘ 0.69 
0.08 0.24 C.49 
0.08 0,38 0.44 
(1) 0,25 0.57 
0.13 7.05 0.43 
0.13 7,00 C.41 
eign Silica in Bomb 
Temp. of Sclution in Bomb 
Sat. Steam SiCa op. Cond. 
F ppm pH ppm “icromoe pH 
400 800 7.80 0.00 
500 665 7.25 0.08 
500 336 0.05 
580 435 7.10 0.18 
550 500 6.85 0.36 
600 465 6.20 1.46 
ppm pH ppm Soln. 
26. 10.1 0.0¢ 0.00 
3353 0.01 0.06 
99, 11.0 0.04 C.04 aS 
6.4 9.2 0.02 C.31 
26, 10.1 0.04 0.16 
99, 11.0 0.12 0.12 
97, 3368 (1) 0.16 0.16 
26. 10,1 ©, 20 c.80 
24, 10.3 (2) 0.19 0.80 
68. 43,3 0.44 C.65 
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681 psi (500 F) was passed through and heated to 600 F in contact 
with the solid sodium silicate, the steam contained 0.02 ppm SiOx. 

In the next test a similar solution of sodium silicate was put in 
the bomb, and while under steam pressure, sulphuric acid was 
added until the solution in the bomb became neutral. This 
would form silicic acid and sodium sulphate in the bomb. The 
solution was then slowly evaporated under pressure, and steam 
from the boiler passed through the bomb, which in turn super- 
heated the steam in contact with the silicic acid. Purified silicic 
acid was also pumped into the bomb while under steam pressure 
for additional tests. 

Table 6 gives the results obtained on tests run under these con- 
ditions. There was a marked variation in the silica content of 
the steam with change in rate of steam flow and at the same time 
very little variation with change in temperature. The condenser 
being so far from the bomb would not give samples of steam 
representative of that leaving the bomb. In order to check the 
effect of the location of the condenser, it was moved so as to be 
within a few inches of the bomb outlet. Table 6 shows the results 
of this change and indicates that the results were more consistent. 
However, even under this condition, the results were still slightly 
inconsistent. 

The bomb was heated at the lower portion, and the top re- 
ceived its heat only by heat transfer through the metal or by 
heat from the superheated steam; consequently, the steam leav- 
ing the bomb would be at a lower temperature than the steam in 


TABLE 6 TESTS RUN USING BOMB SHOWN IN FIG. 4 


Pressure $102 in 


Superhgst Rate of Flow 
Temp, ~F los, per hr, 


600 § 
600 9 
600 2 
600 5 
600 2 
500 
500 2 
400 2 
400 5 
400 1 
400 5 
400 1 
400 2 
400 5 
400 1 


Siltcic acid 
in bomb. Con- 
Genser about 
10 ft. from 
bomb. 


0,04-0,06 
0,04-0,04 
0,03-0,04 
0,11-0,14 


Place conden- 
cer within about 
4" of bomb oute 
let. 


noon 


0,03-0,03 
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contact with the silicic acid. This would not give true values for 
the silica over silicic acid at the control temperature. 

In order to obtain true values, the apparatus was changed to 
that shown in Fig. 5. Superheated steam was passed through a 
stainless-steel tube (1/,in. OD X 20-gage wall) inside a steel tube 
about 2 in. ID and 95 in. long. The space inside the larger tube 
was filled with copper spirals to increase the contact surface. 
The large tube was heated by means of electric-resistance wiring 
wrapped around the pipe. Thermocouples (constantan) were at- 
tached to the middle of the tube and at the outlet at the top. 

The superheated steam was passed down through the small 
inner tube up around the copper spirals and out the top of the 
tube. The steam was superheated by passing through an elec- 
trically heated superheater before passing through the tubes. 
Thus the only heat added to the larger tube was that necessary 
to counterbalance radiation loss. When the tube was at the de- 
sired temperature, a suspension of pure silicic acid alone was 
pumped into the top of the big tube. The silicic acid was pre- 
pared by adding hydrochloric acid to a solution of Na,O.SiOx. 
5H,0 in distilled water. The precipitated silicic acid was filtered 
and washed with distilled water until free of chloride. This de- 
posited: the silicic acid on the spirals. The superheated steam 
leaving the tube should contain an amount of silicic acid corre- 
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sponding to the vapor pressure at the temperature and pressure 
used. In order to prevent silica deposit due to any temperature 
drop after leaving the tube, the condenser was placed at the out- 
let of the tube. 

Table 7 gives the results of tests run, using this equipment. 
The silica content of the steam was the same for rates of flow 
from 2 to 10 lb per hr. This indicated that the silica present in 
the steam represented the equilibrium condition between the 
silica in the steam and the vapor pressure of the silicic acid. Fig. 
6 shows the silica in the superheated steam at various pressures 
and superheat temperatures. In Fig. 7, the concentration of the 
silica in the superheated steam (log scale) is plotted against the 
reciprocal of the absolute temperature. This results in a series of 
straight lines for the various pressures. This relationship indi- 
cates that the silica present in the steam is the result of vapor 
pressure of silicic acid. 


Discussion OF LABORATORY TESTS 


The laboratory tests show that sodium silicate in boiler water 
at steam pressures above 700 psi will liberate silica, presumably 
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150 410 10 

150 420 10 

Se 150 550 10 
150 650 10 0,14-0,.17 
150 750 10 0, 23-0. 57 
150 750 10 0,31-0,45 
150 750 5 1.70-1.07 
150 750 3 2.7 
150 760 1.3 10.0 -3.9 
150 720-610 1.3 2.9 -2.7 

0,19-0, 29 

150 0.15-0,21 
150 0,23-0.25 

150 0. 21-0. 41 
150 0.34-0. 46 

150 0,08-C, 23 

150 0. 14-0,16 

150 0.06-0,07 

150 0,07-0,17 

50 0.01-0.04 

50 0.01-0,01 

50 0:01 
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TABLE7 TESTS RUN USING APPARATUS SHOWN IN FIG. 5 


Pressure 


gage 


Rate of 
Steam Flow 


lds, per hr, 


Teuperature oF 
steam eving 


Superheater Wall Outlet 210, ppm 
0,04-0,04 
0,10-0.12 
0.00-0,00 
0,13-0,13 
0.13-0.13 
0.10-0,12 
0.14-0.15 
0, 28-0, 32 
0,30-0,31 
0,49-0.50 
0, 27-0, 20 

0,65-0.67 
0,92-0,98 
0, 62-0.66 
1,41-1,45 
1,41-1.45 
2,.04-2.C6 
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as silicic acid, in appreciable amounts without mechanical en- 
trainment of boiler water. This amount increases rapidly with 
pressure increase. It also increases as the pH value of the boiler 
water is decreased. 

When superheated steam is passed over solid silicic acid at 
various pressures and temperatures, definite amounts of silica 
are present in the steam corresponding to the temperature and 
pressure. No silica occurs in the superheated steam when it is 
passed over solid sodium silicate (NaO.SiO;.5H,O before being 
superheated). 

These results indicate that solid silicic acid has an appreciable 
vapor pressure at temperatures above 400 F. When the silica is 
present in solution in the boiler water as sodium silicate, the mole 
concentration of the silicic acid is very low, consequently the 
vapor pressure over the solution does not become appreciable 
until pressures around 1200 psi are reached. The vapor pressure 
of the silicic acid over the boiler water will be low due to the 
small mole concentration and the high pH value of the boiler 
water. Thus the concentration in the steam will be much lower 
than that corresponding to the true vapor pressure of the solid 
silicic acid at the higher temperature and pressure in the super- 
heater and the higher-pressure end of the turbine. However, as 
the temperature and pressure of the steam drop as it passes 
through the turbine, a point will be reached where the silicic-acid 
concentration in the steam becomes greater than the silicic-acid con- 
tent corresponding to the vapor pressure over solid silicic acid. 
When this occurs, silicie acid will deposit. Thus the higher the 
silica content of the steam leaving the boiler, the higher up in the 
turbine the deposits will start forming, and the greater the amount 
of deposit which will form in the turbine. If the silica in the boiler 
water is kept below certain values, the deposit forming in the 
turbines should be negligible. 


POWER-PLANT TESTS 


RELATIONSHIP BeTWEREN Siuica in Steam TO Sitica 
WATER 

Studies have been made in three power plants having boilers 
operating around 1250 psi to determine the ratio between the 
silica in the steam and that in the boiler water. All three of these 
plants use evaporator make-up, have phosphate treatment, and 
use fresh water for suriace condensers. 

In plant A, the pH value of the boiler water was between 10.9 
and 11.1. Daily analyses for silica were made on the superheated 
steam from each of the three boilers and on the combined steam 
from the main header. Silica was also determined in the boiler 
water from each boiler. 

The silica in the boiler water averaged 8 ppm with a minimum 
of 4 ppm and a maximum of 13 ppm. The silica in the steam 
averaged 0.05 ppm with a minimum of 0.02 ppm, and a maximum 
of 0.10. 

The ratio of the silica in the steam to that in the boiler water 
was between 0.5 and 0.8 per cent. The specific conductance of 
the degassed steam was about 1 micromho. 

In plant B, the pH value of the boiler water was between 10.7 
and 11.2. Daily analyses for silica were made in a similar man- 
ner to plant A. 

The silica in the boiler water averaged 9 ppm with a minimum 
of 5 ppm, and a maximum of 14 ppm. The silica in the steam 
averaged 0.05 ppm with a minimum of 0.03 ppm, and a maximum 
of 0.10 ppm. The ratio of the silica in the steam to that in the 
boiler water was between 0.5 and 0.7 per cent. The specific con- 
ductance of the degassed steam was about 1.2 micromho. 

In plant C when the pH value of the boiler water was between 
11.0 and 11.3, the silica in the steam was between 0.01 and 0.05 
ppm. The boiler water had a silica content between 2 and 5 ppm. 
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This gave a ratio of silica in the steam to that in the boiler water 
around 0.8 per cent with a maximum of 1 per cent. 


CHANGES OCCURRING IN STEAM AS IT Passes THROUGH TURBINES 


In plants A and B, no data are available on the silica content of 
the low-pressure steam or the condensate. This was due to the 
fact that the deposits forming on the low-pressure units were of a 
small order of magnitude. Thus in plant B, the low-pressure 
unit at the end of 2 years when examined on scheduled outage 
showed a small amount of deposit. However, this soft and easily 
removed deposit was forming in the temperature range from 400 
to 250 F. It contained from 30 to 71 per cent SiO». The silica 
was present as cristobalite and chalcedony, both crystalline 
forms of silica. The rest of the deposits consisted mainly of iron 
oxides (red and black). 

In plant C, prior to the time when the values reported were 
obtained, much difficulty was experienced with turbine-blade 
deposits in the low-pressure units. At the time these deposits 
were forming the silica content of the boiler water varied between 
10 and 40 ppm. The silica in the steam leaving the boilers varied 
between 0.1 and 0.4. The steam condensate from the low- 
pressure machines contained about 0.1 to 0.2 ppm SiO». This 
showed a loss of up to 0.2 ppm SiO, in the steam passing through 
the low-pressure units, a definite indication of silica deposition in 
the units. At the same time, the stage pressures indicated de- 
posits were forming. When the conditions of operation were 
changed so that the silica in the boiler water was kept below 5 
ppm, the silica in the high-pressure steam was the same as that 
in the condensate from the low-pressure units. This indicated no 
silica deposition in the units. At the same time, the stage pres- 
sures showed no indications of deposits forming. 

From the study made in this plant, it was concluded that, 
when the silica in the steam became higher than 0.1 ppm, there 
was a probability that deposits would form in the low-pressure 
turbines. When this value has been kept below 0.05 ppm, the 
units have operated over 1!/2 years with no indications of de- 
posits forming. 

During these plant tests, it was noticed that the silica content 
of the boiler water in plants A, B, and C (during the days of 
higher silica content) increased whenever the boilers came on the 
header after being on bank. At the same time the silica content 
of the steam also increased. These values returned to average 
shortly after the boiler was in normal operation. This appears 
to be connected with so-called “‘hideout.”’ 


PREVENTION OF SILICA BLADE DEpPosiTs 


The plant tests have indicated that when the silica in the boiler 
water is kept below 5 ppm and the pH of the boiler water around 
11, no appreciable silica deposits form in the turbines. When the 
silica in the steam becomes greater than 0.1 ppm deposits will 
form. 

This indicates that, in order to prevent this type of deposit, it 
is essential that the silica in the steam be kept very low. This 
may be accomplished either by keeping the silica in the boiler 
water very low or by removing it from the steam before super- 
heating. 

Studies have been made in the laboratory relative to reducing 
the soluble silica in the boiler water by the addition of chemicals 
which will precipitate the silica as an insoluble sludge. 

Fig. 2 shows the bomb used for these tests. Steam was passed 
through the solution in the bomb. The procedure followed was 
to add sodium silicate and NaOH to get the desired silica and pH 
value of the solution in the bomb. Known amounts of MgSQ,. 
7H.0 (Epsom salts) were put in solution and pumped into the 
bomb. The steam and a sample of the bomb solution were then 
analyzed. This procedure was followed until a constant low 
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value for silica was reached. Table 8 gives the results of a tes; 
run under these conditions. The addition of the magnesium re- 
duced the soluble silica from 82.5 ppm to around 2 ppm. Since 
Epsom salts is acidic, it was necessary to add an equivalent 
amount of sodium hydroxide in order to maintain the desired pH 
value. The soluble silica remained around 2 ppm even after an 
excess of magnesium salt had been added. These results indicat: 
that it is possible to reduce the soluble silica to around 2 ppm by 
the addition of magnesium and that the silica is retained in the 
sludge. 
TABLES EFFECT OF MAGNESIUM ON SILICA IN SOLUTION 


Teete Run at 600°F (1545 p.e.3.) 


Solution in Eombd SiC, in Amount 
5103 Steam Chemical Added Added in 
pom pH ppm 
6.3 9,2 0.09 
82.6 12,0 0.70 NagSi0 5. 0.20 
31.0 10.1 MgSO,.7H20 0.15 
27,0 10.7 0,26 NaOH 0.065 
14,0 10.6 0.15 0.10 
8.0 10.4 0.13 

11.0 10.5 0.13 

10.0 10.8 

4.3 9.9 0.05 0.10 
4.1 10.8 C.03 NaOH 0.125 
2.8 10,6 0.01 MgSO,4. 7H gO 0.10 
10.3 0,01 MgSO4.7H2O0 0.10 
1.9 10,8 0.005 NaCH 0.12 
2.4 11.4 0.005 

1.5 0.0056 Mg@S0,4.7H30 0.20 


Since the concentration of the silica in the steam is a function 
of the silica concentration of the solution in contact with the 
steam, the silica in the steam could be reduced to a low value by 
bringing the saturated steam in contact with a water having « 
very low silica content. This would involve the scrubbing ot the 
saturated steam with a fairly pure water low in silica. Such a 
procedure should also reduce mechanically entrained boiler water 
to a low value and stop soluble as well as insoluble deposits. 


Discussion 


C. iE. Imnorr.® The authors are to be congratulated for filling 
in some of the vacant spaces in our knowledge of the behavior o! 
siliea in high-temperature high-pressure steam. Having assisted 
in a similar study of the solvent action of superheated steam on 
“fiberglas’”’ (95 per cent Si O,), the writer can affirm the diffi- 
culties the authors encountered in their study. As they point 
out, it is absolutely necessary to reduce the length of piping be- 
tween the bomb and the condenser to a minimum and to con- 
dense the sample under full steam pressure. 

In order to understand completely the mechanism of silica 
deposition, one must know just how the silica gets into the steam 
in the first place, whether it enters into any reactions within tlie 
steam as it passes through the turbine, in what form it exists 11 
solution, what is the medium of solution, and how crystalliz:- 
tion takes place from this solvent. The authors have shown one 
way in which silica may exist in solution in the steam. The 
theory of steam as a solvent explains almost all of the character- 
isties of precipitation of quartz and amorphous silica, but tlie 
mechanism for the crystallization of sodium disilicate is more coni- 
plex. It is, however, theoretically possible for the deposition 
of silica and silicates to take place from droplets, and the mc- 
chanical-entrainment theory, therefore, should not be complete!) 
discarded, in spite of the greater plausibility of the solubilits 
theory. 


® Feedwater Treating Department, Allis-Chalmers Manufacturing 
Company, Milwaukee, Wis. 
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For a number of years the constitution of turbine-blade de- 
posits has been studied by means of X-ray diffraction in the 
laboratories of the writer’s company. The various compounds 
have been charted according to the temperature zones in which 
they occur. The most common forms of siliea thus far found in 
the study are those of amorphous silica, alpha quartz, and sodium 
disilicate. 

The mechanism of turbine-blade-scale formation will be clar- 
ified if the observations regarding scale constituents can be cor- 
related with the solubility data. 
the authors’ Fig. 7 have been replotted as is shown in Fig. § of 
this discussion, 


For this purpose the data in 


These data are ext rapolated down to the satura- 
tion temperature for each pressure and on the other side of the 
curve extrapolated up to 950 F. The shaded area in Fig. 8 
covers the ordinary ranges of pressures and temperatures which 
are encountered in the intermediate- and low-pressure stages of 
modern steam turbines. The lower part of this shaded area is 
labeled alpha quartz and the upper part is labeled sodium di- 
silicate. Below the alpha-quartz area there is a notation for 
amorphous silica. These notations designate the temperature 
ranges in which these three forms of silica are most often found in 
turbine-blade deposits. The boundaries shown in Fig. 8 are not 
as sharp as indicated, for there is some overlapping of the various 
constituents on either side of the border lines as shown. By 
far the greater percentage of amorphous-silica deposits, however, 
are found at temperatures below 300 FF. In facet, amorphous 
silica often occurs in the saturated-steam zone. Alpha quartz 
is found between 300 and 500 F and sodium disilicate exists largely 
hetween 500 and 700 F. 

It is of interest to note the solubility values of silica in the 
ranges of temperature and pressure indicated for these three forms 
of siliea. At the pressure and temperature existing in the tur- 
bine where quartz deposits are found, the solubility of silica 
ranges between 0.005 ppm to about 0.25 ppm, and amorphous 
siliea is found where the equilibrium solubility is below 0.005 
ppm. If these data are interpreted correctly, silica deposits will 
occur with lower concentrations of silica in the steam than has 
It should be kept in mind, 


however, that it is quite probable that silica exists in a high de- 


normally been thought the case. 


gree of supersaturation as it passes through these lower tem- 
perature zones in the turbine and that erystallization lags con- 
siderably behind the true saturation point. 
cording to the curve, quartz should start to crystallize when the 
It is quite 


For example, ac- 


solubility of silica in the steam falls below 0.25 ppm. 
possible, however, that the silica concentration may actually be 
higher than this at the point of erystallization owing to the high 
degree of supersaturation. 

The solubility data also give us some explanation as to why we 
find amorphous silica at the lower end of the turbine following 
alpha quartz. Normally, those compounds which precipitate 
in an amorphous state are those which have a very low degree of 
solubility and in which precipitation takes place at a rapid rate. 
In the zone where amorphous silica is commonly found, the sol- 
ubility of silica is extremely low, and the temperature is changing 
very rapidly, causing the separation from the soluble phase to 
take place also at an extremely rapid rate. The silica therefore 
changes over into the solid state before it has time to be oriented 
into a erystalline configuration. 

Considering the zone for sodium disilicate, it is apparent that 
the solubility of siliea is considerably above what we would 
normally expect to find in any high-pressure steam. The forma- 
tion of sodium disilicate, therefore, probably takes place accord- 
ing to a different mechanism from that of alpha quartz and 
amorphous silica. The temperature range for crystallization 
corresponds rather closely to that for sodium hydroxide and 
Suggests that there may be a reaction in the steam between 
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sodium hydroxide and dissolved silica; and that erystalliza- 
tion proceeds from droplets in which this reaction and subsequent 
precipitation occur. In none of the siliea deposits thus far 
studied has there ever been any evidence of sodium hydroxide 
being present from the X-ray diffraction patterns. The same is 
true for sodium It is quite possible that many 
deposits which, on the basis of chemical analysis, were previously 


metasilicate. 


thought to be composed of sodium hydroxide, were actually com- 
posed of sodium disilicate. During titration, the alkalinity of 
sodium disilicate behaves as though the compound were caustic 
soda. One can therefore be easily misled on the basis of echem- 
ical titration only. 

It has been theorized that silica is present in the steam as 
How- 
ever, if one draws an analogy between sodium silicate and sodium 
carbonate, it can be argued that silica is present as SiQs. 


HSiO;, and there are some reasons why this could be true. 


Equi- 
librium conditions for this comparison can be represented by an 
equation showing SiO, as one of the components where it be- 
haves similarly to CO, in the sodium carbonate equilibrium 


Na.CO; + H,O—>2NaOH + CO. 
NasiO; + H.0O—>2Na0H + SiO. 


Whether silica is present as dissolved HSiO, or SiO. is impor- 
tant, because it has a bearing on how silica is deposited. X-ray 
diffraction patterns of blade deposits show that the silica is in the 
anhydrous form, whether it be alpha quartz or amorphous silica. 
If the deposition is in the form of silicie acid it must be followed 
by a dehydration to account for the anhydrous form found in de- 
posits. The authors used silicie acid for the solid phase. How- 
ever, in the writer’s experiments, the solid phase was anhydrous 
silica glass and this went into solution apparently as readily as 
silicic acid. In this case anhydrous silica went into solution in 
superheated high-pressure steam to the extent of between 3.6 and 
14.6 ppm. If the silica were present as HSiOs;, it would have to 
be preceded by a hydration of the SiO. when it went into solution. 
From the standpoint of the crystallization products and from the 
solubility behavior of anhydrous silica in steam, it would seem 
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somewhat more plausible to consider the dissolved form of silica 
to be SiO, rather than H,SiO3. 

The authors’ observation that silica contributes but little 
to the specific conductance of a condensed sample was verified 
in some of this writer’s tests on the solubility of fiberglas. In 
one instance, when the bomb was allowed to fill with hot con- 
densate, the silica content of the sample was 285 ppm, whereas 
the specific conductance was only 3 micromhos. 

The authors have made a significant generalization in regard 
to the amount of silica found in the steam at different pressures. 
According to their findings, one would expect that there would 
be 20 times as much silica in steam generated at 1540 psi as there 
would be in steam generated at 680 psi. with the same silica 
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concentration in the boiler water. From this it can be easily 
seen why it is so important to keep the silica concentration 
low in high-pressure boilers and why silica turbine-blade de- 
posits are so much more likely to be found in the higher-pressure 
machines, 


Is any significance attached to the fact that the pH values in 
most of the tests are above 7, while the assumption is that the 
silica is present as H.SiO;? Both specific conductance and pH 
measurements indicate extremely low degrees of ionization, and 
yet the silica can be readily determined colorimetrically. Any 
slight degree of ionization, however, should tend to produce a 
pH value below 7. 
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History of Boiler-Water 
Treatment at Springdale 


By L. E. HANKISON! anv M. D. BAKER? 


Results are given in considerable detail of 2 years’ 
experience in the treatment of boiler water at Springdale 
Station, West Penn Power Company, with potassium 
compounds which were substituted for sodium salts for 
water conditioning of both the high- and low-pressure 
boilers. This change in treatment was started August 25, 
1942, in an endeavor to prevent the formation of silica 
scale in the boilers and also to minimize if possible de- 
posits of silica on the turbine blades. 


ILE use of potassium salts instead of sodium salts for boiler- 
water conditioning at Springdale Station, West Penn 
Power Company, was started August 25, 1942. This change 
in treatment was made in an endeavor to prevent the formation of 
silica seale in the boilers and also possibly to minimize the deposi- 
tion of silica on the turbine blades. The basie theory for be- 
lieving potassium salts superior to sodium for this purpose is the 
increasing solubilities of potassium-silicate compounds with in- 
crease in temperature and pressure, as described by Morey,* 
compared to sodium-silicate compounds which decrease in solu- 
bility with increase in temperature and pressure. The applica- 
tion of Morey’s information to boiler waters has been described 
by Hall.4 
Since discussion of Hall’s paper last year, we have received 
many inquiries regarding details on application of the treatment, 
conditions existing, and technique employed in the control of the 
potassium boiler-water treatment. This presentation will go 
into greater detail than might normally be considered necessary , 
but it is based on the many questions that have been asked 
and is given in order that all may benefit from the 2 years’ ex- 
perience with potassium compounds for boiler-water treatment 
at Springdale. Potassium salts were substituted for sodium salts 
for water conditioning of both the high- and low-pressure 
boilers in the Springdale Station. 


DescripriON OF BOILER 


The boiler plant is composed of three 1350-psi steam generators 
each rated at 475,000 lb of steam per hr and operated at maximum 
capacity; and eight 350-psi boilers, each capable of generating 
160,000 lb of steam per hr. Serious trouble with analcite scale 
had always been experienced in the high-pressure boilers, and loss 
of capacity was observed and thought to be caused by a deposi- 
tion of silica scale in various sections of the boiler. The low- 
pressure boilers had some analcite scale in the upper rows of tubes 
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Fic. 1 Cross-SecTionaL View or A Hiau-Pressurs BOILER 


but there were no tube failures. The detrimental effect of scale 
in these low-pressure boilers was confined to loss in efficiency 
and capacity. This discussion therefore exclusively describes 
experiences with the high-pressure boilers. Fig. 1 is a cross-sec- 
tional view of a high-pressure boiler, 

A description of the high-pressure boilers requires mentioning 
the many water circuits or individual boilers included in each 
generating unit. Forty more or less complete circuits are con- 
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Each circuit has its own char- 
acteristics regarding circulation, heat absorption, sludge depo- 
sition, etc. The location w he ‘re the largest sludge deposits 
occur : in the twenty-eight sections composing the horizontal 
tube area of each boiler. Each section is an individual boiler 
ete up of a downcomer from the drum which supplies a sec- 
tional header, which in turn supplies water to five and one half 
steam-generating tubes. The half tube extends part way across 
the boiler and then ascends vertically, forming a baffle wall. 
The five full-length tubes discharge into an uptake sectional 
header where the volume of steam and water mixture from the 
lower rows tends to restrict the flow in the top rows of tubes. 
This restriction causes sluggish circulation and results in sludge 
accumulations in these upper rows. Some corrections to this 
circulation have been made so that at present most of the sludge 
deposits only in the top full row of tubes. 
under the sludge. 


nected in common to one drum. 


Silica scale forms 


MECHANISM OF SCALE FORMATION 


The boiler water in the sludge is boiled off into steam and new 
water filters through the sludge to the tube surface, carrying ad- 
ditional soluble solids which form a concentrating film of boiler 
water. Under this condition, high concentrations develop which 
are not diluted by an inflow of boiler water as the inflow is only 
sufficient to replace the water that is evaporated. The high 
alumina content of most of the silica scales indicates many thou- 
sands of concentrations. The localized concentrations of sludge 
which permit scale formation cannot be corrected by water con- 
ditioning except by the complete elimination of the scale-forming 
elements from the water. 

The silica-scale trouble, with one exception, was entirely con- 
fined to the tubes in the generating or horizontal section of the 
boilers. This one exception was during a period when some com- 
pounded oil contaminated the feedwater system. This incident 
will be described later. 


TypicaL ScaLtE ForMATION FouNpD IN Parts oF BOILER 


WHERE CIRCULATION Is SLUGGISH 


Fig. 2 shows a typical scale formation that is found in parts 
of the boiler where the circulation is sluggish. The upper por- 
tion of loose deposit has been removed by water washing and, 
consequently, is not shown. This loose deposit is usually 5 to 10 
times the volume of the other two deposits. The view shows the 
copper-colored semiadherent portion and the hard layer of silica 
seale that is tightly adherent to the tube. The chemical analy- 
ses of the loose and semiadherent deposits do not vary greatly, 
both being high in iron oxide and containing appreciable amounts 
of phosphates, calcium, and copper, but with very little aluminum, 
potassium, or sodium. The hard adherent scale is high in silica, 
iron, aluminum, and potassium. Table 1 gives the chemical 
analyses of these separate deposits. 

Table 2 gives the suggested combined form of the hard deposit 
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TABLE 1 ANALYSES OF DEPOSITS ILLUSTRATED 
Semu- 
adherent, 
per cent per cent 

Sulphur trioxide, Trace 

Phosphorus pentoxide, 7-8 

Silica, SiQe 

Iron oxide, 

Iron oxide, 

Aluminum AloOs 

Calcium oxide, Ca) Less than 5 

Magnesium Mg) 1-2 

Sodium oxide, 

Potassium oxide, KyO 

Copper, Cu. 15.0 

Ignition loss. ) 4.9 


IN FIG. 2 
Hard 


scale, 
per cent 


Loose 
deposit, 


r 
‘ 


TABLE 2) SUGGESTED COMBINED Att OF HARD SCALE IN 
11 


rABLES 1 AN 


Hard scale, per cen 
Table 1 Table iI 
Hydroxyapatite, 3 2.5 6.1 
Magnesium phosphate, . 1.1 
Magnesium aluminate, 2.6 
Potassium sulphate, Kes, 
Potassium-aluminum tetrasilicate, 
Potassium-aluminum disilicate, KeO ALO 
Potassium-iron disilicate, Wot Fe: 
Magnetic iron oxide, 
Iron oxide, Fes... . 
Copper, Cu. 
Ignition less combined water 


Fes), 


TABLE 3 TYPICAL ANALYSIS OF BOILE R WATER WHILE 
ADDING SODIUM SALTS 

A reading, epm 3.4* 

B reading, epm 

Sulphite, SO3, ppm. 

Sulphate, ppm 


Phosphate, POs, ppm 161 
Chloride, Cl, ppm 74 
7 Silica, SiQe, ppm. 
554 Total solids, ppm 1274 

*A Reading: Titration of the sample to the end point of phenolphthal- 
ein. B Reading: Addition of barium chloride to the sample followed bh 
its titration to the end point of phenolphthalein. 


TABLE 4 TYPICAL ANALYSIS OF rin DEPOSITS 


ADDING SODIUM SALT 


WHILE 


Hard 
scale, 
per cent 


semi-hard 
deposit, deposit, 
per cent per cent 
Trace 
30 or more 11 
Less than 1 20. 
10-12 


Loose 


Sulphur trioxide, Ss 
Phosphorus pentoxide, 
Silica, SiOs. 

Iron and aluminum oxides, 
Iron oxide, Fess. 
Aluminum oxide, AleQs.... 
Calcium oxide, CaO... . 
Magnesium oxide, MgQ.. 
Sodium oxide, 
C opper, Cu. 17.1 
Total ignition loss. . None 


Pos 


ReOs 


204 
20+ 


Microscopic examination: 
Crystalline calcium phosphate and crystalline magnesium 
phosphate, copper, and a small amount of FesQk. 

Semihard Deposit. Principally analeite with a small amount of calciu: 
sulphate. A fair amount of metallic material, and a fair amount of a phos- 
phate compound which is probably caleium phosphate. A fair test was 
obtained for the presence of a very acid-soluble magnesium compound. 

Hard Scale. A deposit of analcite and calcium phosphate with a ver 
small amount of ealcium sulphate, a rather fair amount of acid-soluble 
magnesium compound, 


Loose Deposit. 


in Table 1 and the hard deposit in Table 11. The compound 
formed depends upon the amount of silica present and no doubt 
follows the general rule that it is the highest containing silicate 
that can form with the amount of silica available. These po- 
tassium-aluminum-silicate compounds will disintegrate in a 
hydrochloric-acid solution. 


Conpirions WHEN UsiING SopiuM 


The sodium chemicals that formerly had been used for water 
conditioning were flake caustic soda, anhydrous disodium pho-- 
phate, and santosite (alkaline sodium sulphite). The make-up 
was evaporated, and chemical treatment was needed because 0! 
condenser-water leakage and evaporator carry-over. A typical 
analysis of the boiler water during the period when using sodium 
salts is given in Table 3. A chemical and microscopical analys!- 
of the loose sludge, semihard scale, and also the hard scale ad- 
hering to the tube surfaces during this period are given in Table 
4. The increase in the silica content of the various deposits #5 
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they approach the tube surface illustrates the mechanism of 
deposit formation. The top layer contained very little silica, not 
sufficient aluminum to separate it from the iron, no sodium, and 
it was easily removed. As the water evaporated, the con- 
centrated layer caused the formation of the sodium-aluminum- 
silicate seale on the tube surface. This scale requires turbining 
for removal. The 25.1 per cent silica is equivalent to 42.2 per 
cent analcite. 

Analeite scale formed on the tubes in amounts varying from a 
This 


material was formed in patches of maximum width about half 


laver that was just visible, to a deposit about '/, in. thick. 
the lower inside circumference of the tube and in length up to 
12 in., and it was always found under large amounts of loose de- 
posit. Each of the heavier analcite deposits required 4 hr of tur- 
bining for removal. Normal intervals between turbinings were 
about 3 months, but when the boiler came off for other reasons 
there was one interval of only 14 days between turbinings. The 
formation of analcite scale, the resultant frequent turbining, and 
loss in capacity of the boilers were the principal reasons for chang- 
ing from sodium to potassium treatment. 


SUBSTITUTION OF PorassitUM SALTs AND CONTROL 


The potassium salts substituted for sodium salts were po- 
tassium pyrophosphate, potassium hydroxide, and potassium 
sulphite. The change from sodium to potassium treatment of 
the boiler water required no change in the plant control 
analytical methods. The only additional testing required is to 
determine the ratio of potassium to sodium. With sodium treat- 
ment the amount of potassium present in the boiler water was 
generally less than 1 per cent of the sodium. With potassium 
treatment, the ratio is usually 6 or more of potassium to | of so- 
dium expressed in epm. Best conditions are obtained in the 
hoilers when the ratio of potassium to sodium is 8 to 1 or higher. 
As the contamination that enters the system contains sodium 
compounds, the amount of sodium is a definite measure of the 
amount of contamination. During a time when the contamina- 
tion was excessive, the ratio of potassium to sodium dropped to 
1.3 to 1. 

Gasket Failure. The first trouble that could be attributed to 
potassium was the failure of handhole cap gaskets. Monel-clad 
asbestos gaskets were Before introducing potassium 
these gaskets had started to fail as was shown by the number 
of gaskets that had to be replaced during boiler outages. No 
boiler outage could be attributed to gasket failure while using so- 
dium treatment but the hydrostatic tests made during shutdowns 
showed caps to be leaking. With sodium treatment, failures 
that might have occurred in service were largely self-sealing. 
With the introduction of potassium, gasket failures made it 
difficult to keep all three boilers in service at the same time. Any 
seals that had been established with the sodium-treated water 


used. 


were dissolved and this caused numerous shutdowns. This 
condition existed until the boilers were entirely regasketed. Dur- 


ing this time, delivery of gaskets was very slow, so for a period 
of weeks the gagkets on hand were only sufficient to fix the caps 
that were leaking and not enough to completely regasket a boiler. 
The seals that had been made on all rolled tubes that had not 
been perfeetly fitted were dissolved and leaks developed, making 
it necessary to reroll a large number of tubes. After regasketing 
and getting all tubes properly rolled, this type of trouble has 
practically disappeared. Potassium-conditioned water will not 
seal even the smallest leak. 

An analysis of boiler water collected at the time of gasket 
trouble is given in Table 5. During this time it was necessary to 
add approximately double the amount of potassium hydroxide 
that was calculated to be sufficient to maintain excess hydrox- 
ide in the boiler water. This fact together with the low amount 
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of silica found in the boiler water (Table 5) and boiler deposits 
(Table 6) together with the removal of silica from the boiler 
metal has not been satisfactorily explained. 

Inspections of the boilers made at this time showed soft de- 
posits in the generating tubes of the boiler, but there was no hard 
scale under these deposits. Table 6 gives an analysis of the 
sludge deposits found. All sludge deposits sampled at this time 
contained less than 3 per cent silica. 

Magnetic-Iron-Oxide Scale. From the second to the sixth month 
of potassium treatment, the amount of Fe;O, in the boiler de- 
posits gradually inevenwed from about 3 per cent to more than 50 
per cent. Also, instead of a soft powdery deposit in the boiler 
tubes, pieces of iron-oxide scale (Fe;O,) were found. This loose 
scale gradually increased until it was necessary to remove the 
boilers from service to clean out the headers. A possible ex- 
planation for this scale is that a layer of acmite scale had formed 
over large areas in the waterwall tubes when using sodium treat- 
ment. The potassium had leached out the silica, made the scale 
porous, and caused the magnetic-iron-oxide scale to loosen. The 
scale retained only sufficient silica to cement the particles of 
together. 

Table 7 gives a comparison of the analyses of the acmite- 
analeite scale found in the boilers with sodium treatment and the 
loose magnetic-iron-oxide scale found after potassium treatment 
had been in use 6 months. 

pH Values Lowered to Reduce Fe;s0;. Another thought re- 
garding the increase of Fe;O, in the boiler deposits was caustic 
attack of the boiler iron in areas of high heat input. The alka- 
linities of the boiler waters were considered high, the pH value 
being in excess of 11. As an experiment, the alkalinities were 
dropped and the pH values were carried between 10 and 10.5. 
The effect of the lowered alkalinities was quickly noticed. After 
2 months of operation, the sludge in the boiler had changed from 


TABLE 5 BOILER-WATER ANALYSIS AT TIME OF GASKET 
FAILURES 


\ reading,epm............ 3.5 
B reading,epm.......... 1.5 


Sulphite, SOs, ppm. 3 


Sulphate, SOs, ppm 274 
Phosphate, POs, ppm. 269 
Chloride, Cl, ppm. . 21 
Nitrate, NOs, ppm........ 1 
Dissolved silica, SiQe, ppm 5 
Aluminum, Al, ppm 2 
Sodium, Na, ppm 39 
Potassium, K, ppm. 505 
Total solids, ppm 1292 
Ratio K/Na, epm 7.6/1 


TABLE 6 ANALYSIS OF SL — = hy DEPOSIT AT TIME OF GASKET 
ES 
Per cent 
Sulphur trioxide, SO3............... 0.3 
Iron oxide, FexOs 55.7 
Aluminum oxide, AlsO3........ 4.2 
Calcium oxide, CaO 
Magnesium oxide, Mg0.. 5&2 
Sodium oxide, 5.1 
Copper, Cu...... 5.4 


Microscopic examination: Major constituents of this deposit are FesO., 
calcium phosphate, and copper. The minor constituents are magnesium 
phosphate and an isotropic silica or silicate. 


TABLE 7 ITRON-SILICA SCALE BE AND AFTER POTASSIUM 


TREATMENT 


Sodium treatment, Potassium treatment, 


per cent per cent 

Sulphur trioxide, SOs eed 2.5 Trace 
Phosphorus pentoxide, PeOQ5....... 8.9 10.7 
Silica, SiOse. .. 13.3 1.8 
Iron oxide, 45.9 60.3 
Aluininum oxide, AleOs. . 10.7 0.4 
Calcium oxide, CaO. §.2 
Magnesium oxide, Mg 1.5 6.2 
oxide, NasO.._ . 9.2 0.0 

Copper, Cu..... 1.1 8.1 
Net ignition less cale. 2.9 2.2 
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a soft powdery deposit to a deposit that contained many small 
pieces of scale. Also, the boiler tubes were coated with a de- 
posit that resembled hard dried sludge. The color of the deposit 
changed from black to gray. Because of the condition of the 
boiler tubes, the alkalinities were again raised to their former 
levels and the deposits became soft and the tubes free of adhering 
deposits. When the alkalinities were raised, potassium chloride 
was added to the boiler waters to prevent caustic attack. There 
was no change in the color of the deposits as the chlorides (Cl) 
were always maintained higher than the hydroxide (OH). 

The analysis of a sample of hard scale that was formed at the 
time of low alkalinities is shown in Table 8. 


TABLE 8 DEPOSIT FORMED DURING PERIOD OF LOW 
pli VALUES 
Per cent 

Phosphorus pentoxide, P2Os............. 
Iron oxide, Fes... 
Aluminum oxide, Ala 1 

Calcium oxide, CaO 
Magnesium oxide, MgO.. 
Potassium oxide, More than 10 


Microscopic examination: The major constituent is iron oxide as mag- 
netite with some hematite. The minor constituents are calcium phosphate 
(hydroxyapatite), metallic copper, fair amount of potassium, and an uniden- 
tified isotropic material. 


Addition of Chloride to Prevent Caustic Attack. The reason for 
adding chloride is for dilution of the caustic concentration. 
When a small bubble of steam forms on an evaporating surface, 
a certain amount of superheat is formed on the under side of the 
bubble. This theory was described in detail by Hall‘ as the Ats 
function. In areas of high heat input, the amount of superheat 
is usually sufficient to cause deposition of the phosphate and sul- 
phate salts that are in solution in the boiler water. Under this 
condition, the remaining soluble salts, hydroxides, chlorides, and 
some silicates will concentrate to form a 5 per cent plus solution 
of molecules. A 5 per cent solution of hydroxide at elevated 
temperatures and pressures will readily attack iron. The intro- 
duction of the chloride ion does not change the molecular con- 
centration of the superheated solution but does change the per- 
centage of hydroxide available for attack. The addition of 
chlorides reduces the percentage concentration of hydroxide. 
A 5 Cl to 1 OH ratio in a 5 per cent solution has 0.83 per cent of 
OH and 4.17 per cent of Cl. Hence the effect of the caustic is 
reduced by that amount. 

An analysis of the boiler water prior to the time potassium 
chloride was started is given in Table 9. At that time the ratio 
was 1 of Cl to 2.7 of OH. 


TABLE 9 BOILER-WATER ANALYSIS AT START OF CHLORIDE 
TREATMENT 


B reading, epm... 
Sulphate, ppm... 
Sulphite, SOs, ppm... 
Phosphate, PO«, ppm 
Chloride, Cl, ppm.......... 
Nitrate, NOs, Ee 
Dissolved silica, 

Aluminum, Al, ppm. 
Sodium, Na, ppm. 

Potassium, Kk, ppm... 
Total dissolved solids, ppm. . 


mor 


com 


to 
oo 
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Following the introduction of the chlorides, the iron content 
of the deposits gradually decreased over a period of several 
months, and the boiler deposits had either a gray or a copper 
color. The amount of copper found in the sludge was in pro- 
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TABLE 10 BOILER-W hae ANALYSIS AT TIME OF SLIGHT 


LUDGE DEPOSIT 


A reading, epm....... 2.0 
B reading, epm....... 0.8 
Sulphate, SO., ppin..... 249 
Sulphite, SOs, ppm... 1 
Phosphate, PO,, ies 127 
Chloride, Cl, ppm. 193 
Dissolved silica, SiOz, 
Sodium, Na, ppm. . 8 
Potassium, kK, ppm 581 
Total solids...... 1260 
CI/OH, epm.... 6.7/1 
K/Na,epm..... 42.5 1 


portion to the amount of ammonia in the feedwater. Adherent 
deposits were not formed and most of the loose material was re- 
moved when a boiler was drained so that it was not necessary to 
clean the tubes in the generating section during each boiler out- 
age. 

A typical boiler-water analysis made during this period is given 
in Table 10. 

Potassium Sulphite Discontinued. Potassium sulphite treat- 
ment was discontinued in September, 1943, as the small amount 
of oxygen in the feedwater should normally affect only the econo- 
mizers and they were protected by the recirculation of boiler 
water. Any oxygen that might enter the boiler drum is rapidly 
liberated and expelled with the steam. To date, with 14 months’ 
operating experience, there have been no noticeable effects from 
the discontinuance of the sulphite treatment. 


CONTAMINATION 


During the first 4 months of 1944, heavy slude deposits were 
found in the boilers and there were several boil. outages due to 
tube failures. The reason for this trouble was severe contamina- 
tion from evaporator carry-over, and the presence of a lead-com- 
pounded oil in the feedwater. The total amount of oil in the 
boiler water amounted to 15 to 20 ppm by ether extraction. The 
amount of lead in the deposits was rarely more than a trace, but 
the lead plus the oil were sufficient to cause the sludge to adhere 
to the interior surfaces of the boiler where it first came in con- 
tact with large heat input. The presence of this sludge started 
the cycle for concentrating the boiler water and the formation 
of potassium-aluminum-silicate scale. This period was _ the 
only time sludge deposits on the vertical surfaces of the boiler 
caused tube failures. The analyses of the sludge layer and the 
hard seale under the sludge that was removed from a tube that 
failed in the primary furnace wall are given in Table 11. The 


TABLE 11 DEPOSITS REMOVED FROM FURNACE-WALL TUBE 
AT TIME OF OIL CONTAMINATION 


Loose deposit, Hard scale, 


per cent per cent 
Phosphorus pentoxide, P2Os............. 10-15 3.2 
lron oxide, FesOx. . 22.0 46.4 
Calcium oxide, CaO............. 3.4 
Magnesium oxide, MgO.... 1.9 
Sodium oxide, Na2O......... aie 0.2 
Copper, Cu. ; 52.6 2.4 
Potassium oxide, 8.6 

2.3 


Present 
Net ignition loss............ 


TABLE 12 BOILER-WATER ANALYSES DURING AND AFTER 
CORRECTION OF CONTAMINATION 


1/10/44 3/7/44 5/8/44 6/5/44 
11.3 11.8 11.5 11.3 
A reading, epm.......... ~ 3.9 6.5 4.2 5.4 
B reading, epm........ 1.9 4.0 3.1 3.1 
Sulphate, SOs, ppm..... ere 266 89 151 163 
Phosphate, POs, ppm.......... 224 254 119 216 
Chloride, Cl, ppm..... bis 255 191 167 251 
Sodium, Na, ppm........ ». i 90 20 _10 
Potassium, K, ppm..... ata 470 600 530 780 
Dissolved “wend week 6 12 18 13 
Total solids. . . 1660 1488 1274 1692 
K/Na, epm......... Sat 1.3/1 3.95/1 15.1/1 45.0/1 
3.8/1 1.35/1 1.5/1 2.3/1 
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boilers were acid-cleaned with hydrochloric acid which caused 
the potassium aluminum silicate to disintegrate and be removed 
by flushing with water. 

Table 12 gives a series of boiler-water analyses which were 
made in January, March, May, and June, 1944. These analyses 
show that during the period of severe contamination the potas- 
sium-sodium ratio was 1.3 to 1 and in the last analysis the ratio 
was 45 to 1. 


MAGNESIUM-PHOSPHATE SLUDGE 


Magnesium phosphate was always present in the sluige ac- 
cumulations and seemed to be the agent that caused the sludge to 
form into gummy adherent masses. To prevent the precipitation 
of magnesium phosphate, potassium silicate, when needed, is 
added to the boiler to maintain the silica at 1 to 1.5 per cent of 
the boiler-water solids. Also, the phosphate which had been 10 
to 15 per cent of the boiler-water solids was reduced so that the 
maximum now carried is 5 per cent. 

The maintenance of these concentrations should permit the 
precipitation of the magnesium as a silicate which can be easily 
removed from the boilers and not serve as a bond to hold the 
other deposits. This practice has been in effect about 8 weeks, 
and boiler inspections indicate favorable results, but sufficient 
time has not elapsed to allow a definite statement to be made. 


CONCLUSIONS ON BOILER CONDITIONS 


When using potassium salts for boiler-water treatment. all 
TABLE 13° TURBINE-BLADE DEPOSITS 
Temperature, 
Impulse Sodium treatment deg Potassium treatment 
Ist row Sodium and magnesium- 700 Potassium chloride and 
chloride phosphate, sul- sulphate 
phate, some silica 
2nd row Sodium and magnesium- Potassium chloride, phos- 


chloride phosphate and sul- phate, and sulphate 
phate, some silica, quartz® 


Reaction 


Ist row Magnetic iron oxide, sodium 635 Potassium chloride, sul- 
silicate, phosphate® hate, some silica® 
2nd row Same as Ist rowa ‘erric oxide, potassium 
chloride, sulphate, silica 
3rd row” Ferrie oxide, sodium. sili- Potassium chloride, sul- 
cate? hate, silica 
4th row Same as 3rd row* chloride and 
sulphate, potassium tetra- 
silicate® 
5th row Quartz, sodium disilicate, Potassium chloride, potas- 
magnetic iron oxide sium tetrasilicate, ferric 
oxide 
6th row Quartz, sodium phosphate ~—...... 
7th row Quartz, trace of chloride Potassium tetrasilicate, po- 
and sulphate tassium chloride, ferric 
oxide? 
8th row Quartz, trace sodium salts® 460 Potassium tetrasilicate, po- 
tassium chloride, ferric 
oxide 
9th row Quartz, trace sodium salts® 
10th row Quartz, trace phosphate, Potassium tetrasilicate, 
and magnesium amorphous silica, trace 
sulphate, chloride, ferric 
oxide 
llth row Quarts, and amorphous 
silica? 
12th row Amorphous silica, some Quartz, potassium . chlo- 
uartz ride® 
14th row Amorphous silica Amorphous silica, ferric 
oxide, salts 
15th row Amorphous silica Amorphous silica, ferric 
oxide, trace potassium 
salts 
16th row Amorphous silica® 235 Amorphous silica, ferric 
oxide, potassium salts 
19th row Amorphous silica, magnetic Amorphous silica, potas- 


iron oxide 
Amorphous silica, magnetic 134 
iron oxide 

Amorphous silica, and mag- 

netic iron oxide® 

Magnetic iron oxide? 


Amorphous silica, potas- 
sium salts 


20th row 
2ist row 


22nd row 


23rd row Magneticiron oxide 


* X ray as well as microscopic analyses of deposit. 
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surfaces where sludge does not accumulate are clean. With 
sodium treatment, a film of silica scale was often present. Po- 


tassium silicate will not deposit as a scale but potassium-alumi- 
num silicate and potassium-iron silicate will form under sludge 
deposits where the boiler water can concentrate. The indica- 
tions are that the amount of scale is not as heavy with potassium 
as with sodium, and also that the potassium scales will dis- 
integrate in hydrochloric acid. When the epm ratio of potas- 
sium to sodium is less than 8 to 1, the condition of the interior 
boiler surfaces are similar to those found when using sodium 
treatment. 


TURBINE-BLabDE Deposits 


The normal carry-over in the steam from the high-pressure 
boilers at Springdale is about 0.3 ppm. Under these conditions 
high-pressure-turbine-blade deposits do not exist. When the 
carry-over is higher than this, some water-soluble deposits ac- 
cumulate on the turbine blades. In the low-pressure turbines, 
silica deposits cause a loss in capacity and efficiency of the tur- 
bines. When using sodium treatment, these deposits had to be 
cleaned off by sandblasting or other similar means. Caustic 
washing was never tried, but water washing would restore ap- 
proximately 30 per cent of the lost capacity. A recent water 
washing of a turbine, on which blade deposits had accumulated 
since using potassium treatment, restored 90 per cent of the lost 
capacity. Water-washing of another turbine on which blade 
deposit accumulated during the same interval of time failed to 
restore any appreciable amount of the lost capacity. Further 
studies and more washings will have to be made before any defi- 
nite statements can be made on this subject. 

A tabulation of the deposits found on the turbine blades with 
both sodium and potassium treatments is given in Table 13. 


Discussion 


Tuomas Finnecan.' The Oswego Station of the Central 
New York Power Corporation has two 80,000-kw condensing 
turbines, each with its own boiler delivering 900,000 lb of steam 
per hr at 1250 psi and 900 F at the turbine inlet. The Huntley 
station of the Buffalo Niagara Electrie Corporation has a single 
high-pressure unit resembling those at Oswego, except that the 
Huntley boiler is an open-pass boiler while those at Oswego are 
the radiant type. All three turbines are 17-stage machines 
with extraction points after the Ist, 3rd, 6th, 9th, 12th, and 14th 
stages. 

Potassium treatment was substituted for sodium treatment at 
Huntley in August, 1943, following a scheduled shutdown of the 
boiler for inspection and maintenance. At the same time, chlo- 
ride was added to the boiler water in order to establish the ratio of 
chloride to alkalinity which had been recommended as a possible 
preventive of the formation of magnetic-oxide deposits. During 
the shutdown the Huntley boiler was acid-cleaned. 

When the turbine was first started following the shutdown, 
some trouble with sticking valves was noticed and, when a few 
days later it was brought up to speed and put on the line, several 
control valves and the turbine stop valve stuck, necessitating an 
immediate shutdown of the unit. A heavy soluble deposit had 
formed on the first few stages of the turbine. This deposit was 
primarily chloride. The turbine was washed with wet steam 
and put back in service with the boiler under sodium treatment. 

After 4 months’ operation under sodium treatment during 
which a slight increase in stage pressure occurred, it was decided 
to try potassium treatment again with the hope that it might 


5 Buffalo Niagara Electric Corporation, Buffalo, N.Y. Mem. 
A.S.M.E. 
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prevent the deposition of silica in the turbine. This was done 
without a repetition of the rapid fouling of the machine which 
had occurred when potassium treatment was first used. 

During the 10 months in which potassium treatment has now 
been used, the turbine first-stage pressure has increased more 
rapidly than when sodium treatment was used, indicating a depo- 
sition of material in the turbine. The deposit is soluble and 
can be removed by washing with wet steam. This is done about 
once a month at which time the first-stage pressure increases 
about 5 per cent since the last washing. 

The condensed steam has a conductivity of about | micromho. 
The conductivity drops to about 0.7 micromho when the steam 
is degassed with a Straub degasifier. This indicates that the 
solid content of the steam is of the order of 0.5 ppm or less, 

At Oswego, potassium treatment was started in one boiler in 
April, 1944, and in the other in June, 1944, following the annual 
shutdown of these units. During the 2 years on sodium treat- 
ment since the previous overhaul of the turbines, the pressure for 
four highest extraction points had increased an average of 7 per 
cent for No. 1 unit and 4 per cent for No. 2 unit. During the 7 
months that potassium treatment has been used in No. 1 unit, 
these pressures have shown little or no increase; but during the 5 
months it has been used in No. 2 unit, they have increased about 
the same as in the previous 2 years under sodium treatment. 

The purity of the steam from both boilers is about the same as 
at Huntley. About 3 months after starting operation with 
potassium treatment, leaks were found at the locations where 
two of the tubes were rolled into the upper drum in No. 1 boiler. 
These joints were rerolled and no additional leaks were found in 
this boiler. 

A few weeks after starting potassium treatment in No. 2 unit, 
thirteen leaks of this type were found, and during the following 
2 months a total of forty-three such leaks occurred. There 
are 167 tubes entering the upper drum. The entire number 
of tubes were rerolled and no further leaks have occurred. 

Hideout had always been present in these boilers under sodium 
treatment, especially in No. 2 boiler at Oswego. Since starting 
potassium treatment, hideout has been practically eliminated. 

While there has been an increase in the rate of deposit of 
soluble material in the front end of the turbine, it is not as yet 
known whether there has been any change in the rate of depo- 
sition of the insoluble silica which has been found at about the 
9th stage. 

It has not been established that potassium treatment is re- 
sponsible for the soluble deposits. Another modification of the 
water-conditioning process was made at the same time that po- 
tassium treatment was started, namely, the addition of chloride 
to establish the chloride ratio. Some time prior to starting po- 
tassium treatment, but nevertheless recent enough to make it a 
factor to be considered, was the discontinuance of sulphite 
treatment. The boiler-water solids, which at one time had been 
several hundred ppm, are now at about 100 to 200 ppm. 

A study of the complete problem is now in progress in which 
all these factors will be investigated. 


B. Dr. Hall’s 1943 paper,” presenting a record 
from preliminary results of great promise at Springdale Station 
dealt basically with laboratory data from the literature and with 

‘Consulting Engineer, Stone & Webstey Engineering Corpora- 
tion, Boston, Mass. Mem. A.S.M.E. 

7 This is a discussion also of the following papers, presented at the 
Annual Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944: ‘“‘Experi- 
ence With Potassium Treatment at Windsor Station,’ by W. L. 
Webb; “Experience With Sodium and Potassium Chemicals for 
Boiler-Water Conditioning at Montaup Electric,’ by G. U. Parks; 
and ‘‘Embrittlement Cracking in Waters Containing Potassium 
Salts,’’ by A. A. Berk and N. E. Rogers. 
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theoretical considerations in support of his “new approach to the 
problem of conditioning water for steam generation.” It is 
fortunate to have at such early date these summaries of operat- 
ing experiences under the widely different conditions of the 
three separate high-pressure boiler plants, and also to have the 
Bureau of Mines test results on the embrittling characteristics 
of compounds associated with potassium treatment, 

None of the authors from the power field considers his ex- 
perience with potassium chemicals to have covered sufficient 
time or scope for derivation of really comprehensive conclusions 
but each is able to record evidence of definitely favorable trend 
within his observations. More specifically, under certain cir- 
cumstances potassium treatment has proved capable of giving a 
less obstructed heating surface in the boilers under discussion 
than so far obtainable with the usual sodium treatment under 
the same circumstances. It would appear that) appropriate 
predominance of potassium over,sodium salts in the boiler waters 
of the three high-pressure plants, together with appropriate con- 
ditions of boiler-water alkalinity, has given properties of less 
tendency to adherence, or greater fluidity, in precipitated solids 
and, particularly in the Montaup Electric plant, greater solu- 
bility in the simple 2-ion potassium compounds, hydroxides, 
phosphates, and sulphates. On the other hand, the control of 
silica reactions seems rather uncertain and the experience would 
also indicate that, under some circumstances at least, the de- 
sirable properties of high solubility in the simpler potassium 
compounds and lower tendency to adherence on boiler surfaces 
in the precipitated solids may have quite equal sensitivity to 
alkalinity control as encountered with sodium treatment. 

Obviously, there is altogether too little known of the properties 
of silica in the combinations encountered and formed in boiler 
waters. Under the conditions recorded by the present. papers, 
silicate scale has oecurred with potassium treatment where the 
overlying deposit is of character to impose sufficient interference 
in transfer of heat from the tube surface or transfer of water to 
the tube surface. Possibly, the ratios of potassium to sodium, 
or the concentrations of potassium, were not sufficiently high 
for the desired control. The potassium-sodium ratios for most 
favorable boiler-water conditioning may be governed to some 
degree by the nature and proportions of solids in the boiler water 
and may also bear some relation to the temperature of water and 
heat-transferring surfaces within the boiler. 

The possibilities of potassium treatment seem very real and 
the limitations equally real, both needing further exploration. 

Messrs. Berk and Rogers refer to the use of nitrate as offering 
promise of successfully inhibiting tendency to boiler-plate em- 
brittlement, which apparently is to be expected from potassium 
hydroxide in the presence of silicate to about the same degree 
as from sodium hydroxide under like conditions. The following 
two sentences quoted from «the paper would seem, however, 
somewhat disconcerting to the prospective user of nitrate: 

“Nitrate tends to react with the metal of the autoclave and 
piping under the conditions of the test.”’ 

“Nitrate, although comparatively inert in dilute alkaline 
solution (boiler water), appears to react rapidly with metal 
and metal-oxide surfaces in concentrated caustic solutions.”’ 

These sentences might readily be interpreted as a warning that, 
if the fabrication of the pressure vessel has left a seam or other 
erevice in which concentration of alkaline boiler water might 
take place to the degree necessary for embrittling attack, ml- 
trate in the water in the nitrate-to-hydroxide ratio used in the 
Bureau of Mines research reported would cause serious corrosion 
on the metal walls of the crevice. I believe that it would be 
helpful if the authors presented such pertinent detail of their 
observations as may be available, to make clear particularly 
whether the nitrate reaction with the steel is actually of the 
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continuously progressive type such as would result ultimately in 
serious loss of metal or, on the contrary, is rapidly checked 
and causes no practical damage. 


J.D. Yoprer.’ This paper describing results obtained in more 
than 2 vears’ treatment of boiler water at Springdale is an im- 
portant contribution to the recent knowledge on the subject of 
boiler-feedwater treatment. It gives a practical measure of this 
treatment, the theory of which has been so ably presented by 
Dr. Hall.4 It is a subject in which all engineers concerned with 
efficient operation of boilers are much interested. 

The paper is helptul because it reports not only on data to 
substantiate the value of the method, but it outlines the troubles 
encountered with its use. The value of the paper is increased 
because it reports many typical analyses of water and scale which 
will be helpful to other engineers and chemists interested in simi- 
lar problems. In this respect, it would have been helpful if there 
had been more consistency in the method of reporting the analyses 
of the ®oiler water. The alkalinities and ratios of potassium to 
sodium are reported in epm, while the solids in solution are gen- 
erally reported in ppm. Again, the alkalinities are reported in 
the colloquial expressions of “A’”’ and “B”’ readings which might 
suggest different values to different people. Since some of the 
analyses are reported in their equivalents, it would have been 
helpful if all of the ions had been reported in their equivalents 
possibly in terms equivalent to calcium carbonate, which terms 
are frequently used and well understood by the engineering 
fraternity. 

The analyses of boiler water do not show any carbonate ions, 
but it seems evident from the character of the make-up water 
that some carbonates were present. A knowledge of the quan- 
tity of carbonates present might be of value. 

Their experience in operating with low alkalinities is not in 
agreement with Purcell andWhirl,’ who reported that both scale 
and embrittlement could be prevented with no hydroxide al- 
kalinity other than that given by trisodium phosphate. The 
authors found it necessary to maintain a substantial hydroxide 
alkalinity in excess of that produced by trisodium phosphate. 

This paper indicates that the prevention of silica scale remains 
related to boiler design. Even with the sodium-phosphate treat- 
ment, silica scale did not form in all of the tubes but was found 
only in the horizontal tubes where the circulation was sluggish. 
Unfortunately, from the standpoint of determining the value of 
the potassium treatment, some corrections were made in circula- 
tion during the time of the test. This raises the question of how 
much the improved results were due to improvement of circula- 
tion and how much to potassium treatment. The authors 
finally conclude that ‘‘potassium iron silicate will form under 
sludge deposits when the water concentrates.” This means 
when the circulation is not good. 

One is impressed with’the high solids in the boiler water con- 
sidering that the feed comes from surface condensers with evapo- 
rators for make-up. The solids would not need to be greater if 
the make-up water were softened and not evaporated. This 
possibility is further emphasized because the authors observed 
improvement when adding chlorides to the water. A similar 
result might often be obtained if the make-up water were soft- 
ened by Zeo-Karb-H which is a zeolite treatment operated on the 
hydrogen eycle. This removes the sodium, calcium, and mag- 
hesium from the water, but leaves the chlorides and sulphates to 
give a slight acidity proportional to the chlorides and sulphates 


’ Manager of Boiler Feedwater Division, The Permutit Company, 
New York, N.Y. Mem. A.S.M.E. 

*“Embrittlement of Boiler Steel—Experiences With the Schroeder 
Detector,” by T. E. Purcell and 8. F. Whirl, Trans. A.S.M.E., vol. 
44, 1942, pp. 397-402. 
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This acidity may then be neutralized with potassium 
hydroxide to give the desirable potassium chloride in the feed- 
water. Such treatment might avoid the need for evaporators 
and make avaWable a simple and more desirable hookup from the 
standpoint of the feedwater-heating cycle. 


present. 


AUTHORS’ CLOSURE 


We are in agreement with both Mr. Finnegan’s and Mr. 
Powell’s position that both time and scope of observation are still 
too limited to permit comprehensive conclusions regarding potas- 
sium treatment. Following the suggestion in Mr. Yoder’s dis- 
cussion, we have added a footnote to Table 3 defining A and B 
readings as used. As noted by Mr. Yoder, our alkalinities are 
higher than those of the Purcell-Whirl co-ordinated phosphate 
control curve. However, it is our experience that if sludge 
tends to be a problem, higher alkalinities than those of this 
control curve are essential to keep the sludge in suspension. 
Mr. Yoder’s reasoning regarding use of Zeo-Karb-H in prepara- 
tion of make-up waters seems sound. 

Definitely, as pointed out by Mr. Parks in his discussion, 
potassium treatment is effective in minimizing hide-out of boiler- 
water salts, particularly the sulphates and phosphates. This is 
in accord with the fact that potassium sulphate is slightly more 
soluble than sodium sulphate at higher pressures and tempera- 
tures, and potassium phosphate is tremendously more soluble 
than sodium phosphate, steadily increasing in solution with in- 
creasing temperature as pointed out by Kaufman.” 

Where high concentration of boiler water occurs, as in the 
concentrating film boiler water under sludge, potassium alumi- 
num silicate forms, but is far more friable and easily removed than 
the sodium aluminum silicate forming under similar conditions. 
Presumably, this means that the potassium aluminum silicate is 
more soluble than sodium aluminum silicate, and the fact of its 
ready decomposition by hydrochloric acid further affirms this as- 
sumption, since sodium aluminum silicate is very difficult to de- 
compose. The significance of this last fact is that acid-washing 
of the boiler should be much easier with potassium-aluminum- 
silicate deposits than with those of sodium aluminum silicate. 

In his paper™ Professor Straub has shown that silica (SiO,) is 
carried to the steam by volatilization of the silica in the boiler 
water. This seems reasonable by analogy to known facts. 
Thus carbon dioxide is vaporized into the steam as follows 


NaCO; + H.O + Heat = 2Na0OH + CO: 


Again, sodium sulphite at higher temperatures undergoes auto- 
oxidation as follows 


4Na.SO; + Heat = 3NaSO, + NaS 


The required temperature is supplied especially in regions of 
steam blanketing and concentrating-film boiler water, and conse- 
quently, any maintenance of sulphite in boilers having such char- 
acteristics is attended with uncertainty. Under these condi- 
tions, hydrogen sulphide is vaporized into the steam thus 


NaS = 2H,0 + Heat = 2NaOH + HS 
By analogy, the vaporization of silica would be as follows 
Na,SIO,; + H,O + Heat = 2NaOH + SiO, 
Dr. Morey,'*however, has shown that the sodium oxide volatil- 


10 Discussion by C. E. Kaufman of paper by R. E. Hall,‘ Trans. 
A.S.M.E., vol. 66, 1944, pp. 478-479. 

11 “Silica Deposition in Steam Turbines,”’ by F. G. Straub and 
H. A. Grabowski, published in this issue of the Transactions, pp. 
309-316. 

12 “Solubility of Solids in Water Vapor,’”’ by G. W. Morey, Pro- 
ceedings of the American Society for Testing Materials, vol. 42, 1942, 
p. 987. 
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izes as well as the silica, and in considerable quantities at tem- 
peratures from 707 to 932 F, and at pressures ranging up to 16,500 
psia. The quantity vaporized increases more markedly with 
pressure than with temperature increase. 

As noted in Table 13 of the paper, identification of the turbine 
deposits by petrographic microscope and X ray shows that 
sodium silicate is deposited in the high-pressure stages, then 
sodium disilicate or potassium tetrasilicate at lower pressures, 
next quartz, and finally, amorphous silica. This process of 
silica enrichment in passage through the turbines has been dis- 
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cussed by Hall!* and is in accord with the vaporization data of 
both Morey and Straub. Apparently, an answer must be awaited 
to the question of whether the sodium or potassium chloride, 
sulphate, and phosphate, also iron oxide, are carried to the tur- 
bine in vapor form, or as customary mechanical carry-over. 
In the latter case, of course, at least some of the silica or silicate 
found in the turbine is similarly derived. 


A New Approach to the Problem of Conditioning Water for 
Steam Generation,” by R. E. Hall, Trans. A.S.M.E., vol. 66, 1944, 
footnote p. 470. 


@- 
fas 
a 
ay. 
: 
é 
if 
Ay 
: 
: 
/ 
| 
| 
| 
| 


Experience With Potassium Treatment 


at Windsor Station 


By W. L. WEBB,' NEW YORK, N. Y. 


Under conventional sodium treatment and with hard- 
ness, alumina and silica in quantity entering the cycle 
through condenser leakage, wall-tube losses in two 1350- 
psi boilers were extensive. Upon establishment of potas- 
sium treatment in these boilers under the then controlled 
equilibria, tube losses continued. A direct comparison 
of sodium versus potassium treatments was started in 
these boilers after solvent-cleaning them. This test has 
been under way only 7 months during which no wall-tube 
failures have occurred. 


proach to the problem of boiler-water conditioning has 

been employed experimentally at the Windsor Station of 
the Beech Bottom Power Company in an effort to prevent boiler- 
tube losses which had occurred previously under conventional 
sodium treatment. 

About 1 year after starting the new treatment in two boilers 
whose wall-tube surfaces were not free of analcite scale layed 
down previously under sodium treatment, extensive tube losses 
again occurred. These boilers which receive the same feedwater 
were then chemically cleaned, and one was put on potassium 
treatment and the other on sodium treatment. This latter test 
has been under way only 7 months and no wall tube has failed. 
As a result, only tentative conclusions can be drawn from thts 
latter comparison. However, the presentation of the data from 
both tests may help to broaden the knowledge of the merits and 
limitations of a treatment which is now receiving widespread 
attention. 


|S saeele treatment developed by Hall? as a new ap- 


Soptum TREATMENT 


From the initial operation in late 1941, until April, 1943, boilers 
82 and 84 at Windsor Station were operated on conventional 
sodium treatment under supervision of the Hall Laboratories. 
These boilers are similar in design, both being rated 750,000 Ib 
per hr, 1350 psi, and 925 F steam temperature. They are 3- 
drum, bent-tube, tangentially fired, wet-bottom boilers which, 
along with two other boilers of the same rating, supply steam to 
two 60,000-kw topping turbines exhausting to six 30,000-kw 
230-psi 550 F condensing units. 

Because of high condenser leakage which only can be elimi- 
nated by steps which. will require outages longer than can be 
afforded, considerable Ohio River water enters the cycle, carrying 
with it hardness and, during turbid river conditions, large quan- 
tities of silica and alumina. Suspended matter as high as 4000 
ppm has been observed, its composition averaging about 23 
per cent SiOz, 42 per cent Al,O;, 23 per cent Fe,O;, and 10 per cent 

‘Engineering Department, American Gas and Electric Service 
Corporation. 

*“A New Approach to the Problem of Coriditioning Water for 
Steam Generation,” by R. E. Hall, Trans. A.S.M.E., vol. 66, 1944, 
pp. 457-488. 

Contributed by Joint Research Committee on Boiler Feedwater 
Studies and presented at the Annual Meeting, New York, N. Y.. 


Nov. 27-Dee. 1, 1944, of Tae American Soctety or MECHANICAL 
ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


organic matter. Condenser leakage is greatest at times of most 
rapid change in river-water temperature, and, occasionally, 
highest leakage and maximum suspended matter occur simul- 
taneously. Under these conditions, it was and is difficult or 
impracticable to maintain the silica in the boiler waters at a low 
value by blowdown and to hold concentrations of treating 
chemicals at the desired values. 

During the 16-month period of initial operation of the boilers, 
furnace-wall-tube wastage developed to a serious degree. In the 
wastage zones many tubes blistered and a number developed 
leaks in longitudinal cracks usually located in slight bulges. The 
removal of tube specimens revealed thin hard deposits of analcite 
scale which turbining failed to remove. Sludge deposits were 
extremely heavy on steam-scrubber and downcomer surfaces 
and only slightly less so in riser tubes. 

Starting early in 1942, at the time of highest condenser leakage 
under turbid river conditions, water-insoluble deposits occurred 
in the 30,000-kw low-pressure turbines at such a rate as to cause 
capacity losses of 3000 kw per unit in 4 to 6 months. These 
units were periodically caustic-washed,* restoring outputs and 
stage differential pressures to normal. 

The foregoing operating difficulties, namely, boiler sludge and 
analcite-scale deposits and water-insoluble turbine deposits, were 
problems which potassium treatment appeared to be designed 
to solve. As a result, early in April, 1943, potassium treatment 
was started in boilers 82 and 84. This was done even though 
fundamental data were not available and, in so far as the author 
knows, are not available, to show the advantages of petassium 
over sodium in the prevention of aluminum-silica complex scales. 


Porasstum TREATMENT IN BorLers 82 AND 84 


When the decision was made to use potassium treatment in 
the two boilers, it was recognized that the fire sides of wall-tube 
internal surfaces were not free of hard scale even though these 
tubes had been cleaned with turbine-driven cutters. The jobs 
put to potassium, therefore, were to remove old scale as well as 
to prevent new scale and sludge deposits from forming and, 
in so far as possible, to prevent capacity losses resulting from 
turbine deposits. That this proved to be more than potassium 
treatment could accomplish was shown by the following wall- 
tube damage: 


Boiler 82: 


May 3, 1943—2 tube leaks in longitudinal cracks in furnace- 
wastage areas 

Oct. 9, 1943—1 leaking tube and 6 bulges 

March 29, 1944—1 leaking tube 


Boiler 84: 
March 1, 1944—7 leaks and 9 bulges 
March 20, 1944—9 leaks and many bulges in wall tubes requiring 


welding-in 19 newtube sections, 7 window welds, and numerous 
surface welds 


Periodic inspections of boiler-drum surfaces and internals, and 
the visible portions of tubes and headers indicated somewhat 
reduced sludge deposits from those experienced under sodium 


3**Removal of Water-Insoluble Turbine Deposits by Caustic 
Washing,’”’ by W. L. Webb and R. G. Call, Trans. A.S.M.E., vol. 65, 
1943, pp. 713-717. 
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treatment, but the relative amount of sludge appeared to be 
affected more by the extent and character of condenser leakage 
than by the type of treatment. Turbine deposits continued at 
rates substantially the same as before. 

The tube losses in March, 1944, followed a period of high con- 
denser leakage and river turbidity such as to make proper coagu- 
lation of the raw water impossible, resulting in extremely poor 
evaporator vapor quality. The extent of these tube failures made 
it imperative that remedial steps be taken immediately. The 
first step called for was to remove the hard scale from the boilers 
by means of suitable solvents. The next was to limit condenser 
leakage in so far as possible. This was done by the installation 
of wood-slat bracing to reduce tube-cracking at the tube sheets. 
The third step was to improve the raw-water treating facilities. 
Finally, a decision had to be made as to whether to return to 
sodium treatment which had already demonstrated its inability 
to prevent analcite scale, making necessary periodic use of solvent 
cleaning methods, or to continue with potassium treatment for 
determining its merits when used on a clean boiler. 

Early in April, both of the boilers were cleaned under Dowell 
supervision using a solvent consisting of 10 per cent hydrochloric 
acid, 5 per cent ammonium bifluoride, and Dowell’s inhibitors 
and wetting agents. Following the cleaning operation, repre- 
sentative tube specimens indicated satisfactory removal of de- 
posits from one boiler but complete removal had not occurred 
in the other. The remaining scale, however, had been loosened 
by the solvent and was removed by means of turbine cutters. 

The middle course was chosen with respect to treatment, 
boiler 82 being put on sodium treatment and boiler 84 on potas- 
sium treatment. As the boilers are similar in design, are nor- 
mally loaded substantially equally, and both receive the same 
feedwater, they present as nearly an ideal situation as possible 
for direct comparison of the two methods of treatment under 
conditions in which considerable alumina enters the cycle. 


COMPARISON OF Na AND K TREATMENTS 


After cleaning the boilers involved, a comparison of treatments 
was started in mid-April, 1944. Since that time, internal inspec- 
tions and removal of tube specimens for examination occurred 
in June and October. During this entire operating period up to 
and including October, 1944, condenser leakage has been rela- 
tively low and river conditions abnormally good. The real 
merits of the two treatments, therefore, have not been put to 
the crucial test. Fortunately, no wall-tube losses have occurred. 

Critical examination of tube specimens from both boilers 


showed no hard scale. deposits. At the October shutdown, sludge 
deposits in the potassium-treated No. 84 boiler on scrubber hoods 
and downcomer tubes were substantially nil and deposits on 
wall-tube specimens examined were entirely absent. A’ con- 
siderable quantity of sludge, however, had accumulated in the 
bottom of the scrubber drum and lower drum. 

The scrubber hoods and visible portions of the downcomer 
tubes of the sodium-treated No. 82 boiler were coated with sludge 
having an average thickness of '/s in. and a maximum thickness 
on some areas of °/s in. The riser-tube specimens showed coat- 
ings of less than !/e, in. It appeared that, roughly, the same 
amount of sludge had accumulated in each boiler, but in the 
potassium-treated boiler it was very much less adherent. 


CONDITIONS 


In Table 1 are indicated the average boiler-water conditions 
maintained initially under sodium treatment (column 1), when 
the two boilers were on potassium treatment (columns 2 aad 3), 
and under the present comparison of sodium and potassium 
(columns 4 and 5). 

It will be noted in comparing the present control of potassium 
reatment to that formerly used (columns 3 and 5 of Table 1) 
chlorides are higher and phosphate values are lower than pre- 
viously. The present conditions requested by Hall Laboratories 
and the indicated reasons therefore are as follows: 

Condition A—K/Na (epm)-—3 or greater to permit operating 

mainly under potassium equilibria 

Condition B—SiO:/OH (epm)--0.5 or less to assist in keeping 

silica in a soluble form in the boiler and turbine 

Condition C—Cl1/OH (epm)—Preferably 10 or at least 5 to limit 

the concentration of caustic in areas where film-boiling occurs 
to reduce the production of iron oxide in the boiler 

Condition D—PO, (ppm)— 10 to 30 or not higher than 40 favoring 


the precipitation of magnesium as the silicate rather than the 
phosphate. 


As shown by column 5 of Table 1, water control was such that 
condition B only was rigidly met. Conditions A and D were 
only partially met, and condition C was seldom met. The 
problem would be much simpler in the absence of condenser 
leakage, but as long as it exists to the extent it does, it is desirable 
to maintain sufficient soluble phosphate in the boiler water to 
precipitate all incoming calcium hardness as sludge and so to 
control treatments and blowdown to limit boiler-water total! 
solids to about 800 ppm from the standpoint of steam quality. 

Putting conditions A to D, inclusive, in simpler terms calls for: 

1 <A high feed of potassium chemicals, particularly chloride 


TABLE 1 AVERAGE BOILER-WATER ANALYSES AND TREATMENTS 


April 
Boiler-water conditions: 
15 
POs (ppm).... 40 
SOs (ppm). 150 
SiOz (ppm)... 10 
Total solids (ppm). 400 
10.8 
K/Na (epm). aes 
Average condenser leakage (er cent 
of feedwater) . 0.1 


Treating chemicals: 
(Average per million lb node 


H3PO,, 75 per cent (Ib)............ 


(2) (3) (4) (5) 
Potassium——— Potassium 
82 and 84 82 and 84 84 
April, 1943 April 43 to April” 4 ” April '44 to 


April ‘44 Nov. Nov. '44 
5 to 15 15 10 to 30 10 to 30 
25 to 50 40 25 to 50 20 to 40 
50 to 150 150 50 to 150 30 to 100 
50 to 100 100 100 to 150) 100 to. 170 
0 0 0 0 
7 to 40 8 5 to 10 5 to 10 
350 to 700 600 350 to 700 400 to 800 
10.0 to 10.8 10.8 10.7 to 11.0 10.7 to 11.0 
3+ 2+ 3 
0.5 to 2.0 0.5 0.2t00.5 0.1t00.5 
lto2 2 : 2to 5 
0.2 0.1 0.1 0.1 
0.15 
0.2 
0 
0.3 
0.2 0.5 0.4 
0.3 0.5 0.7 
0.3 
0.4 


: 
I 
x 
> 
Pas. 
2 
= 
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TABLE 2 


Column no, (1) (2) 
Sodium 
Period... Start up to April '43 
Boiler no.. .* S4 s4 
Sampling date. . 4/2/43 5/18/42 
Deposit. . Sludge Seale 
Source... Scrubber Wall 
Chemical analysis (per cent 
Sulphur trioxide (SOs Nil 1.4 
Carbon dioxide (CO: Nil Nil 
Phosphorous pentoxide (1’.()s 30 5 
Siliea (SiO2).. 0.3 24.2 
Iron oxide (Fes()4) 24.8 
Iron oxide (FesQs) 
Aluminum oxide(AloQ); Nil 9.0 
Calcium oxide (CaQ 2 


>40 2 
Magnesium oxide 7-8 
Sodium oxide (Nae) Nil 14.5 
Potassium oxide (Ky) 


Copper (Cu)... ‘ Slight Nil 

Net ignition loss (calculated 4.7 

nil 

> 43 6 

Compounds shown by chemical, N-ray and petrographic analysis, per cent 

sodium sulphate, 2.5 

Hydroxyapatite, 3Cas(POQu. CaCOH) 11.5 

sodium phosphate, 40 

Magnesium phosphate, POs: 03 

Serpentine, 3MgO. 28iQ. 7.0 

Magnesium aluminate, MgAlo, 

Magnesium aluminum silicate, MgAbOy 4510). 

Leucite, 4810» 

Analeite, 4810. 38.0 


Acmite, 4810 
Magnetite, 248 
Hematite, FeoO; 

Copper, Cu.. 

Ignition loss (less combined water 


(a) Probably present but identity masked by presence of magnetite 


and sufficient blowdown to hold the sodium concentration at a 
low level. 

2 A high hydroxide-silica ratio from the standpoint of keeping 
silica soluble, but low hydroxide and phosphate values and a 
relatively high silica value to permit precipitating magnesium 
as the silicate rather than the phosphate or hydroxide. 

3 A low hydroxide-chloride ratio for reduction of iron oxide 
produced from the boiler metal. 

In other words, chloride must be higher than hydroxide, and 
hydroxide must be higher than silica, but silica must be enough 
higher than phosphate and hydroxide to satisfy magnesium. 

For the sake of discussion, let us assume a cycle having very 
low condenser leakage and evaporator carry-over with no low 
limit on boiler-water total solids. To assure magnesium being 
precipitated as silicate might require a soluble SiO, value of at 
least 15 ppm. To assure calcium being precipitated as phos- 
phate likely would require a soluble PO, value of 10 ppm. With 
these values fixed and meeting conditions B to D, inclusive, and 
at the same time being well on the potassium side with a K/Na 
(epm) ratio of 10:1, the boiler-water conditions would be ap- 
proximately as follows: 


17 
Ci (ppm)........ 


The 10:1 K/Na ratio would permit the presence of about 25 
ppm of sodium. Such a limitation, particularly with sea-water 
condenser cooling, might require abnormally high blowdown. 
The total soluble solids in the boiler water under this condition 
would be approximately 900 ppm. 

The foregoing example is given to show the requirements of 
the relatively tight cycle and to indicate the difficulties of the 
plant chemist in attempting to maintain the désired boiler-water 
conditions during periods of high condenser leakage, while at the 
same time juggling blowdown and limiting total solids to give 
acceptavle steam quality. 

It is not the intention of the author to discourage the pros- 


XPERIENCE WITH POTASSIUM TREATMENT 


TYPICAL 


(b) Microscopic analysis shows magnetite, copper oxide, and rod-shaped c:fletum phosphate 


AT WINDSOR STATION 


BOILER DEPOSLTS 


(3) (4 (5) (6) (7) 
— Potassium — Sodium Potassium 
April ‘43 to April '44 April to Oct. "44 April to Oct. "44 
S4 82 84 
11/20/48 11 20°48 3/1/44 10/17/44 10/12/44 
Sludge seule scale Sludge Sludge 
Wall Wall Wall Wall Drum 
Trace 0.5 Nil 0.8 <1 
Nil Nil Nil Nil Nil 
16.1 8.1 9.2 18.2 25 
1.6 14 1 17.6 0.9 <1 
21 41 2 36.1 30.5 31 
Appreciable Considerable Considerable Considerable Present 
1.3 #0 9.4 Nil 
14.1 5.6 8.0 17.6 25 
&.9 44 4.1 7.2 8 
2.9 6.2 1.8 N.D. N.D. 
<0.5 >3.3 0 
35.0 12.0 6.1 21.4 2 
1.9 3.0 3.7 4.0 4 
Nil Nil Nil 
100 7 99 3 100. 6 OS 
t 
§.7 
3.9 
3.6 (b 
(a a 15.3 
a a 8.7 
a a 4.2} 
(a 34.8 
a 
6.1 
2.6 


pective user of potassium treatment but rather to give a clearer 
conception of the requirements for boiler-water control. 


BorLer Deposits 


In Table 2 are given the analyses of representative scale and 
sludge samples taken from boilers 82 and 84 under the various 
treatments. Sludges from the steam scrubbers and drums were 
sampled directly from the surfaces involved. Prior to 1944, it 
was common practice to obtain wall-tube deposits by collecting 
them in a cloth bag at the lower end of the tube while passing a 
turbine-driven cutter through the tube. That portion of the 
collected sample which passed a 20-mesh sieve was then termed 
“‘sludge,”’ and that retained on the sieve was termed “‘scale.”’ 
This procedure usually gives interpretable analyses, but the 
removal of tube specimens permitting direct sampling of sludge 
and scale is a preferable procedure and is the one now being 
followed wherever practicable. 

Column 1 of Table 2 indicates that the sludge under initial 
sodium treatment is mainly calcium and magnesium phosphate 
and iron oxide. This same condition exists today under sodium 
treatment (column 6), giving a sludge that is quite adherent. 
Deposits are less heavy on the riser tubes than on the steam 
scrubber and downcomer surfaces, but under conditions where 
large quantities of hardness enter the cycle the sludge accumula- 
tions during relatively short operating periods are unquestionably 
detrimental. The same situation exists under potassium treat- 
ment (column 7), but to a considerably lesser degree. Why this 
is so is not apparent. Magnesium is still precipitated as phos- 
_phate rather than silicate. 

The scales under initial sodium treatment were predominantly 
analcite with additional complexes containing aluminum. The 
analysis given in column 2, Table 2, is of particular interest in 
that it indicates the presence ef some of the least soluble boiler- 
water salts, namely, sodium sulphate and sodium phosphate. 
This suggests hide-out which has been observed on a number of 
occasions. No scales have been found during the present test of 
sodium treatment on boiler 82. 

During the April, 1943-April, 1944, period of operation of both 


2 
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boilers on potassium treatment, several periods of high condenser 
leakage under turbid river conditions were experienced. Sludge 
deposits were heavy on scrubber and downcomer surfaces al- 
though somewhat less so than previously under sodium treat- 
ment. The quantity of deposit turbined from wall tubes in some 
cases ranged between 5 and 6 g per linear ft of tube. Although 
this was as high as previously observed under sodium treatment, 
the effects of the respective amounts of condenser leakage under 
the two treatments are not readily determinable. These sludges, 
of which the analysis in column 3, Table 2, is typical, were 
comparable to those prevailing under sodium treatment. 

The wall-tube scales under potassium treatment, columns 4 
and 5, are similar to those under sodium treatment in that they 
contain alumina and silica. However, now sodium is present 
in a lesser amount, and potassium and iron have entered the 
complexes. 

In attempting to interpret scale analyses during the April, 
1943-April, 1944, period, it must be kept in mind that potassium 
treatment was not started with the boiler heating surfaces clean. 
The effect of the old scale may have had a definite bearing on the 
character of deposits observed. 


MISCELLANEOUS 


In November, 1943, while boiler 82 was under potassium 
treatment, hydrogen measurements by means of a Cambridge 
hydrogen recorder were made in the saturated steam. Tests in 
which the OH and the Cl/OH values were varied gave the 
following average results: 


OH Cl Cl/OH H: 
(ppm) (ppm) (epm) (ppm) 
13 26 1.00 0.0020 
45 26 0.28 0.0036 
45 155 1.67 0.0041 


With low chlorides an increase in caustic resulted in a slight 
increase in the hydrogen value. With the higher caustic value, 
an increase in chlorides (to give only a Cl/OH ratio in epm of 1.67, 
as compared to 5 or 10 as now suggested by Hall Laboratories) 
caused the hydrogen value to increase further. Inasmuch as the 
hydrogen is subject to some normal fluctuation, it is possible that 
such tests, if conducted over longer periods and at a greater 
Cl/OH value, would have shown the effect of high chlorides in 
retarding the production of iron oxide in the boiler as measured 
by hydrogen evolution. 

Early in June, 1944, oil in considerable quantity and definitely 
identified as turbine oil reached boilers 82 and 84 and one of the 
other high-pressure Windsor boilers. At one time boiler 82 satu- 
rated steam contained in excess of 100 ppm of oil, and '/2 in. or 
more of oil appeared in the water columns of several boilers. 
The boiler-water alkalinities were promptly lowered and the 
affected boilers were given heavy and prolonged blowdown. 
Oil was detected in and removed from a number of surge tanks, 
with the result that it disappeared from the steam about 2 days 
later 
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The inspection of boilers 82 and 84 later in June showed 
substantially no indication of oil, but collected deposits showed 
some evidence of it. So far as is known the oil contamination 
caused no direct harm. It is perhaps fortunate that ‘this condi- 
tion occurred at a time when tube losses were not being ex- 
perienced as it might have obscured the real causes cf the failures, 

At no time under potassium treatment has there been diffi- 
culty with leaks in rolled tube ends or in gaskets as was experi- 
enced by others. Flexitallic handhold gaskets are used through- 
out. 

Governed principally by changing rates of condenser leakage, 
the boiler-water-sampling and analysis schedules for both sodium 
and potassium treatment call for determining OH and PO, four 
times, and the other usual constituents once per 24 hr per boiler. 

The cost of chemicals for potassium treatment is 3 to 6 times 
that for sodium treatment and at Windsor averages about 10 
to 12 cents per million pounds of feedwater. 


CONCLUSIONS 


Although the direct comparison of potassium and sodium 
treatments now under way has been carried on for too short a 
period to permit drawing more than preliminary conclusions, the 
author’s conclusions with respect to the entire Windsor ex- 
perience are as follows: 


1 Following the usual start-up periods, boiler waters are 


* substantially free of turbidity under both sodium and potassium 


treatments. This indicates in both cases that substantially all 
sludge-forming material entering the boilers with the feedwater 
remains in the boilers as sludge and/or scale. 

2 No information has come to our attention to show how 
sodium treatment can be controlled to prevent deposition of 
analcite scale when alumina in quantity reaches the boiler. 

3 When both boilers 82 and 84 were operated under potassium 
treatment with a K/Na ratio of 2 and an SiO,/OH ratio of 0.5, 
both in epm: 


(a) This treatment did not prevent the failure of wall tubes 
on which analcite had already been layed down. These tube 
losses presumably resulted from the deposition of additional 
aluminum-silica complexes containing both sodium and potas- 
sium, 

(b) The rates of accumulations of deposits in 30,000-kw low- 
pressure turbines receiving steam from these boilers were sub- 
stantially the same as under sodium treatment. These deposition 
rates caused capacity losses of about 3000 kw per unit in periods 
of 4 to 6 months. 

4 The direct comparison of Na and K treatments in two 
boilers receiving the same feedwater for a period of 7 months, 
during which condenser leakage was low and river conditions were 
good, has been of too short duration to permit drawing conclu- 
sions other than that the sludge in the potassium-treated boiler 
is less adherent than in the sodium-treated boiler. No hard- 
scale deposits have been observed in either boiler. 
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Embrittlement Cracking in Waters 
Containing Potassium Salts” 


By A. A. ano N. 


On behalf of Subcommittee No. 6 of the Joint Research 
Committee on Boiler Feedwater Studies, the embrittle- 
ment characteristics of waters containing potassium- 
hydroxide alkalinity have been studied. The embrittle- 
ment detector was used to test dilute solutions in the 
range of concentrations encountered in boiler operation. 
The effect of potassium-hydroxide solutions on stressed 
steel was also determined with concentrated solutions in 
a tension-testing device. It was found that potassium- 
hydroxide solutions could cause intercrystalline cracking 
of stressed steel. At 250 C a small concentration of silica 
in the solutions greatly accelerated the attack. Potas- 
sium nitrate and quebracho extract both proved to be 
effective inhibitors. No cracks were obtained with solu- 
tions of pure tripotassium phosphate, potassium meta- 
silicate, or potassium disilicate, indicating that these 
alkaline potassium salts would not cause embrittlement 
cracking of boiler seams. Potassium hydroxide is there- 
fore very similar to sodium hydroxide with respect to 
embrittlement. 


HE use of potassium salts in place of sodium salts to con- 

dition boiler waters has led to continuation of the investiga- 

tion of embrittlement cracking® sponsored by Subcom- 
mittee No. 6 of the Joint Research Committee on Boiler Feed- 
water Studies. Specific questions to be answered were whether 
potassium hydroxide, like sodium hydroxide, could cause the inter- 
crystalline corrosion that led to the cracking and, if so, whether 
inhibitors such as potassium nitrate and quebracho extract® 
could prevent the attack. A third question, whether tripotas- 
sium phosphate or the potassium silicates could be used in a 
“zero caustic alkalinity” treatment*’ is of special importance to 
the operators of high-pressure boilers. 


APPARATUS AND PROCEDURE 
Testing equipment consisted of five embrittlement detectors 


‘Prepared by permission of the Director, Bureau of Mines, 
U. 8S. Department of the Interior. 

* This investigation was conducted under a co-operative agree- 
ment between the Joint Research Committee on Boiler Feedwater 
Studies and the Bureau of Mines. It was supervised by a sub- 
committee of which J. H.-Walker is chairman and was carried out 
at the Washington, D. C., laboratories of the Bureau of Mines. 

§Chemist-in-Charge, Boiler Water Research, Bureau of Mines, 
Washington, D.C. 

‘Chemist, Bureau of Mines, Washington, D. C. 

5“Caustie Embrittlement Research Brings Results,’’ by J. H. 
Walker, Mechanical Engineering, vol. 64, 1942, pp. 891-893. 

“A Practical Way to Prevent Embrittlement Cracking,” by 
A. A. Berk and W. C. Schroeder, Trans. A.S.M.E., vol. 65, 1943, 
pp. 701-711. 

™ Protection Against Caustic Embrittlement by Co-Ordinated 
Phosphate pH Control,” by T. E. Purcell and S. F. Whirl, Trans. 
Electrochemical Society, vol. 83, 1943, pp. 343-359. 

Contributed by the Joint Research Committee on Boiler Feed- 
water Studies and presented at the Annual Meeting, New York, 
N. Y., Nov. 27-Dec. 1, 1944, of Toe AMericAN Society oF Me- 
CHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


E. ROGERS,‘ WASHINGTON, D. C. 


and a tension-testing device. Much of the apparatus had been 
used for the embrittlement work with sodium salts,’ and such new 
parts as were required were duplicates of the original units. The 
tests were run in the same manner and for the same length of 
time as were the previous tests with sodium-hydroxide solutions. 

The embrittlement detectors (Fig. 1) were mounted on small 
autoclaves, as shown in Fig. 2. The temperatures of the testers 


BOILER 
WATER IN 


SPECIMEN STEAM 


ADJUSTING SCREW 


CONCENTRATED AIK 
SOLUTION 
CLAMPING NUTS A. 


PASSAGE FOR BOILER 


WATER TO SPECIMEN 


WASHERS | 


CLAMPING 
BLOCK 


BOILER 
WATER OUT 


Fic. 1 


were controlled through individual air thermostats. Hot dilute 
solutions, containing chemicals in concentrations such as might 
exist in boiler waters, circulated as a result of thermal effects 
through the piping to the deteetors. Part of each solution was 
diverted to the stressed surface of the test specimen where con- 
centration occurred by evaporation against atmospheric pressure. 
The American Society for Testing Materials method D-807-44T 
was followed in making adjustments of the rate at which evapora- 
tion occurred. Hot-rolled-steel specimens were used until it was 
established that cracking could be produced in the potassium- 
hydroxide solutions; cold-rolled specimens were used from then 
on, 

The tension-testing device is shown in Fig. 3. The hollow test 


5 “‘Intercrystalline Cracking of Boiler Steel and Its Prevention,” 
by W. C. Schroeder and A. A. Berk, Bureau of Mines Bulletin 443, 
1941. 
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BALL BEARING 


GROUND, REDUCED 
SECTION ON TEST 
SPECIMEN 


ROO TO aPPLY 


| TENSILE LOa0 


Fig. 3 


specimen of boiler-flange steel seals a bomb that contains the hot 
concentrated solution. A known load, obtained with a lever 
system, is applied to the tubular specimen by a push rod passing 
through its center and bearing on its closed end while the bomb 
is held firmly in a rigid frame. The specimen has a reduced 
section which is ground concentrically on the outer or solution 
side. The smallest diameter of the reduced section is 0.6 in., and 
the inside diameter of the specimen is 0.5 in. A heating jacket 
acts as an air thermostat, and the heat input is adjusted with a 
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varinble-voltage transformer in accordance with the temperature 
indicated by a thermocouple in the wall of the bomb. 

All solutions were prepared from standard chemically pure re- 
agents and distilled water, Concentrations were checked by 
analysis before each test and were rechecked in all tests where the 
solution was not lost through the detector or because of the fail- 
ure of the tension-test specimen. The cracking of detector speci- 
mens did not appear to be affected by the number of times the 
autoclaves went dry and had to be refilled during the test. 

Tests Wren tHe Derecror 

Table 1 shows that potassium hydroxide, like sodium hydrox- 
ide, can cause the intercrystalline corrosion responsible for boiler- 
seam cracking. Eight specimens were cracked in the fourteen 
tests run with uninhibited potassium-hydroxide solutions at 
200 and 250 C (corresponding to 210 and 560 psi, respectively). 
Cracks in sections cut from five of the specimens were found to be 
almost completely intererystalline. 

No cracks were found in six of the specimens. 
ever, the area exposed to the concentrating solution was covered 
with a dense, yellow, crystalline deposit instead of the normal 
black-oxide film. Although the bombs were washed thoroughly 
before cach test, they had been used for many runs with boiler 
waters as well as synthetic solutions. Apparently the hot 
potassium-hydroxide solutions dissolved the scales that had built 
up in the bombs, and the yellow coatings were formed on the 
test specimens from the contaminated solutions. Deposits, 
removed from some of the specimens by stretching the base metal, 
were subjected to petrographic, spectrographic, and X-ray 
analysis. The only compound identified with certainty was po- 
tassium carbonate. The spectrograph, however, revealed that 
potassium, sodium, iron, silicon, calcium, and magnesium were 
major constituents in most samples (at least 5 per cent of each 
was present). 

The tendency for the yellow protective coating to form ap- 
peared to be greater at higher starting concentrations of potas- 
sium hydroxide, which presumably were more active in dissolv- 
ing scale from the bomb. The protective coating was not ef- 
fective at 250 C, possibly because of the greater penetrating power 
of concentrated potassium-hydroxide solutions at this higher 
temperature. Deposits were most serious in the earlier runs 
(five of the first eight specimens were not cracked) when those 
specimens which did fail cracked at the edge of the yellow coat- 
ings. There was little or no evidence of such interference in later 
tests. 

Table 2 shows the effect of potassium nitrate on embrittlement- 
detector tests with potassium-hydroxide solutions at 200 and 
250 C. No cracks were found in any of the five test specimens. 
The concentration of nitrate as NO; was approximately one half 
the alkalinity as OH in the ‘solutions (a potassium nitrate to 
potassium hydroxide ratio of 0.26). This ratio has proved 
effective as a nitrate treatment of boiler waters containing sodium- 
hydroxide alkalinity. No attempt has been made to determine 
the minimum ratio of nitrate to hydroxide required to prevent 
cracking in waters treated with potassium salts. 

Nitrate tends to react with the metal of the autoclave and 
piping under the conditions of the test. To prevent the con- 
centration of the inhibitor from falling too low during the 30-day 
period, the solutions for these tests were renewed every 10 days. 
Tests K22 showed that similar renewal of an uninhibited po- 
tassium-hydroxide solution did not affect cracking of the speci- 
men. 

Table 3 shows the effect of quebracho extract® as an inhibitor of 


In these, how- 


*The Argam Brand quebracho extract used for these tests was 
part of the sample obtained and used for the work with sodium 
hydroxide. 
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BERK, ROGERS — EMBRITTLEMENT 


TABLE 1 EMBRITTLEMENT-DETECTOR 


Solution composition 


KOH 
As OL, 
deg ¢ Steel Ppm ppm 
200 Cold rolled Ss. 
200 Cold rolled 165 
200 Cold rolled 165 
200 Cold rolled 263 
200 Hot rolled 330 
200 Cold rolled 330 
200 Cold rolled 130 
200 Cold rolled 650 
200 Hot rolled 
200 Hot rolled HHO 
200 Hot rolled 660 
250 Cold rolled 165 
250 Cold rolled 330 
250 Cold rolled 660 


@ Determined by strontium-chloride method using phenolphthalei 

6 Cracking confirmed as intercrystalline. 
No silica added; that found in solution 

420 ppm KC! also present in solution, 

‘ Solution dark colored by leachings from bomb 
Indicates loss of steam 


inust have beer 


from bomb and concentration of the 


FABLE 2) EMBRITTLEMENT-DETECTOR 


Solution composition 
KOH— KNOs 
Temp, As OH, As NOs, 
deg C Ppm ppm Epm i ppm 
200 165 50 9 
200 263d sv 7 
200 330 100 5.9 
250 330 100 5.9 
250 660 200 8 


Epm 


* All bombs were refilled with fresh solution every 10 days; 
table. 

6 Determined by the standard strontium-chloride procedure. 

© In this ratio KOH is the total alkalinity in terms of NOH. 


CRACKING IN WATERS CONTAINING POTASSIUM 


TESTS WITH POTASSIU M-HYDROXIDE 


kpm 


WITH NITRATE 
COLD-ROLLED-STEEL 


the solutions removed after each 10-day period were analyzed and th 


SALTS 


SOLUTIONS; 30-DAY TESTS 
Residual solution 
Total 
alkalinity 
as SiQh, as KOH, KOH, 
ppm Result of test ppm ppm 
Not cracked 86 64 
‘racked 2% 171 
‘*ked Bomb dry 
"ked 
*ked 
t cracked 
cracked 
cracked 


‘*Free''a 


‘racked 
racked 
Slightly cracked 
Slightly eracked 
Cracked? 
Cracked SUOs 


indicator, 


lissolved from the walls of the bom. 


lilute solution. 


IN POTASSIUM-HY DROXNIDE 
SPECIMENS 


SOLUTIONS; 30-DAY TESTS 
Residual solution averages® 
Total 

alkalinity ‘‘Free" Rati 

as KOH, WKOH,® KNOs,> KOH to KNOs¢ 
Result of test ppm ppm ppm ppm Epm 
Not cracked 168 101 0.08 
Not cracked 263 184 0.14 
Not cracked 330 234 0.15 
Not cracked 445 302 2 2 8 0.10 
Not cracked 720 603 96 5 23 0.13 


e data averaged for this 


The sodium nitrate to sodium hydroxide ratio of 0.3, which has been found completely 


successful for preventing cracking of specimens in detectors attached to stationary boilers, corresponds to a KNQOs: to KOH ratio of 0.26 (0.14 if the concen- 


trations are expressed in epm). 
4 Solution also contained 20 ppm WC. 
* No silica in any of these solutions at start of tests. 


PABLE 3) EMBRITTLEMENT-DETECTOR TE 


Solution 
KO 

Pest Temp, As OH, 

ho deg C Ppm ppm 

K28 200 165 50 

K27 200 263 SO 

K3l 200 330 100 

K26 250 330 100 

K21 250 660 200 


Quebracho, 
ppm 


* All bombs were refilled with fresh solution every 10 days 


STS WITH QUEBRACHO E XTRACT 
TESTS WITH COLD-ROLLED-STEE I 


Result of test 
Not cracked 170 59 14 9 
Not cracked 244 138 20 

Not cracked 280 158 40 p 0.22 
Not cracked 310 152 20 2: 

Not cracked 636 382 34 


POT M-HY DROXIDE 
IMEN 


SOLUTIONS; 


IN 30-DAY 
C 


SPE 
Total 

alkalinity 

as KOH, 
ppm 


Resid ui il solution averages® 

‘Free’ 

KOH, 
ppm 


Ratio® 
~—-Quebracho 
to KOH to OH 
0.18 0 
0.19 


Quebracho, SiQ»,4 
ppm ppm 


0.18 
0.17 


‘ ; the solutions removed after each 10-day period were analyzed and the data averaged for this 
table. 


6 In this ratio KOH is the total alkalinity in terms of KOH, 


The quebracho extract to sodium hydroxide ratio of 0.4, which has been used with con- 


siderable success to inhibit cracking of test specimens in embrittlement detectors attached to stationary boilers, corresponds to a quebracho to KOH ratio 


of 0.3 (0.94 to OH). 
© Determined by the standard strontium-chloride method. 
4 No sillea was added to the solutions for any of these tests. 


cracking In potassium-hydroxide solutions. 
sulted in the five tests run at 200 and 250 C. The concentration 
of quebracho extract approximately equaled the alkalinity as 
OH in these solutions (a quebracho-to-potassium hydroxide ratio 
of 0.3). This ratio has been used with considerable suecess for 
the quebracho-extract treatment of stationary-boiler waters. 
As in the tests with nitrate, solutions were renewed every 10 days 
to maintain the inhibitor concentration at the desired level. 

Table 4 contains four tests in which the solution was alkaline but 
contained no “free’’ potassium hydroxide. As the water evapo- 
rated from these solutions in the detector, a concentrated solu- 
tion of a potassium salt was formed instead of a concentrated 
solution of potassium hydroxide. Two tests were run with tri- 
potassium phosphate, and one each with potassium disilicate and 
potassium metasilicate. None of the specimens was cracked, 
indicating that the “zero caustic” treatment with potassium salts 
should be effective with respect to embrittlement cracking. 


No cracking re- 


Tension TEsTS 


In the tension tests, the specimen is subjected to a known ten- 


sile stress at a known temperature while it is acted on by a con- 
centrated solution of known composition. No assumptions are 
made as to how a boiler water may concentrate to attain the com- 
position of the test solution. 
fore not controversial. 

On the other hand, the concentration of hydroxide used for the 
tension test may not provide the most aggressive attack on the 
grain boundaries of the stressed-steel specimen. It would thus 
be possible to demonstrate that an inhibitor prevented cracking 
in a series of hydroxide solutions without establishing the effec- 
tiveness of the inhibitor and its required concentration with re- 
spect to the most severe cracking conditions. For these tests 
with potassium hydroxide, a concentration of 35 g per 100 g of 
water was used. This solution contains exactly as much hy- 
droxide (OH) as the solutions containing 25 g of sodium 
hydroxide per 100 g water, which were used in previous work. 
While reagent-grade chemical was used, it is possible that traces 
of impurities were present in the solutions and had some effect 
on the results. All tension tests were run at 250 C. 

Table 5 shows that at this temperature silica greatly acceler- 


In that sense the results are there- 


33 
Pest 
no 
K13 
(17 
1.5 
K10 o.9 25 
K7 = 14 
5.9 
KS ¥ 
Ko 11.8 15 
) 
K14 11.8 12 
KL5S 11.8 12 
K16 11.8 50 
54 780 
128 40 
60 
= 4 
Pest 
Pan 
K23 
K33 
K19 0.4 
K20 0 
1.1 
2.2 
¢ 
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48 
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TABLE 4 
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DETECTOR TESTS WITH ALKALINE POTASSIUM SALTS IN THE ABSENCE OF 


“FREE” CAUSTIC; 30-DAY TESTS WITH COLD-ROLLED-STEEL SPECIMENS AT 250 C 


Salt used 


Tripotassium phosphate 
Tripotassium phosphate 
Potassium disilicate 
Potassium metasilicate 


Ppm 
1502 
3004 
300¢ 
300¢ 


@ As 


-—-Concentration— 


Residual solution 
‘*Free”’ 
OH,?® SiOz, 
Result of test ppm ppm ppm 
Not cracked 8 oer 128 
Not cracked | 5 290 
Not cracked 210 
Not cracked Autoclave 
dry 


+ Determined by the standard strontium-chloride method, using phenolphthalein indicator. 


As SiOz. 


ates the attack of potassium-hydroxide solution on the test speci- 
men. “Pure” potassium-hydroxide solution caused a specimen 
stressed at 70,000 psi to fail in 10 days, but apparently did not 
affect a specimen stressed to 60,000 psi. The addition of a very 
small quantity of silica to the solution decreased the load-carry- 
ing ability of the specimens, causing relatively rapid failure at 
loads of 60,000 and 50,000 psi. The cracks produced by “pure” 
caustic were wide and transcrystalline, while those resulting in 
the solution containing silica were narrow, and some were largely 
intercrystalline. Silica has a similar accelerating effect on the 
tendency of sodium-hydroxide solutions to cause intercrystalline 
cracking. 

Runs T8 and T10 in Table 6 indicate that potassium nitrate 
is an effective inhibitor of cracking in potassium hydroxide-silica 
solutions. The relative concentration of nitrate used in these tests 
was very low compared to the ratio used in the detector 
tests. It was also noted that at the conclusion of the 10-day tests 
the solutions contained no nitrate. Apparently a protective coat- 
ing was formed on the specimen before the nitrate was decom- 
posed in the concentrated caustic solution. The specimen did 
not fail, because the coating was not disturbed and broken during 
the remainder of the run. 

This hypothesis was checked by test T9, for which the load 
was applied after the solution had been in the bomb at the oper- 
ating temperature for 3 days. The specimen failed, showing that 
there was not sufficient nitrate in solution at that time to repair 
the protective coating that must have been broken when the steel 
was stressed beyond its elastic limit. Nitrate, although com- 
paratively inert in dilute alkaline solution (boiler water), appears 
to react rapidly with metal and metal-oxide surfaces in con- 
centrated caustic solutions. 

Runs T6 and T7 in Table 7 indicate that quebracho extract is 
also a good inhibitor of cracking in concentrated potassium- 
hydroxide-silica solutions. As in similar tests with sodium hy- 
droxide,"! a relatively low concentration of quebracho extract 
gave satisfactory protection in the concentrated caustic solution. 
Much higher ratios are used for the detector tests of simulated 
boiler waters to allow for the loss of tannin, which apparently 
occurs during concentration. 


SUMMARY AND CONCLUSIONS 


All of the tests run during the project are included in Tables 
1 to 7, inclusive. Five tests, numbered K1 through K5, were 
begun and then abandoned when it became necessary to post- 
pone the work several months. Table 8, therefore, summarizes 
all the data that were obtained with respect to the embrittle- 
ment characteristics of waters in which potassium salts are used. 

Potassium-hydroxide solutions produced intercrystalline crack- 


10 “Action of Solutions of Sodium Silicate and Sodium Hydroxide 
at 250° C on Steel Under Stress,’”’ by W. C. Schroeder and A. A. 
Berk, Trans. American Institute of Mining and Metallurgical Engi- 
neers, vol. 120, 1936, pp. 387-400. 

11 ‘Protecting Steel Against Intercrystalline Attack in Aqueous 
Solution,’’ by W. C. Schroeder, A. A. Berk, and R. A. O’Brien, 
Trans. A.S.M.E., vol. 60, 1938, pp. 35-42. 


TABLE 5 FAILURE OF TENSION SPECIMENS IN CONCEN. 
TRATED POTASSIUM-HYDROXIDE SOLUTIONS; ALL TESTs 
WITH BOILER-FLANGE STEEL AT 250 C 


Solution composition 
Applied KOH, SiQe, 
stress, 2/100 £/100 
psi 
70000 
60000 
60000 
50000 
50000 


Specimen Failure, No failure, 


* Load applied after specimen reached test temperature. 

6 Specimen failed at one side of reduced section and solution was lost; the 
cracks were wide, and little or no intererystalline cracking could be found. 

¢ A pinhole leak developed in the reduced section of the specimen after 
9 days, and the solution was lost. There were no cracks, intercrystalline 
or otherwise. 

4 Microscopic examination of the broken specimens showed that some of 
the finer cracks were predominantly intercrystalline. 

¢ A pinhole leak developed in the wall of the specimen within 24 hr of the 
application of the load. No cracks were found. 

f Equal to 25 g of NaOH per 100 g of H2O. 


TABLE 6 EFFECT OF NITRATE ON CRACKING OF TENSION 
SPECIMENS IN CONCENTRATED POTASSIUM-HYDROXIDE 
SOLUTIONS; ALL TESTS AT 250 C 
-—Solution composition——~ 
KOH, SiOx, © KNOs, No 
Applied* 2/100g g/100g Failure, failure, 
stress, psi H,0 H,O h days 


Test 


60000 


@ Load applied after specimen reached test temperature. 

> Cracks confirmed as intercrystalline. 

© Load applied after solution had been at test temperature 3 days. 
@ Equal to 25 g NaOH per 100 g H20. 

¢ Equal to 0.84 g NaNOs per 100 g H.0. 


TABLE 7 EFFECT OF QUEBRACHO EXTRACT ON CRACKING 
OF TENSION SPECIMENS IN CONCENTRATED POTASSIUM- 
HYDROXIDE SOLUTIONS; ALL TESTS AT 250 C 

-——Solution composition——~ 
KOH, SiOz,  Quebracho, No 

g/100g g@/100g g/100g_ Failure, failure, 
H:0 hr 


days 


Applied? 
stress, psi 
60000 
50000 
60000 


0.2 
0.2 
0.2 
60000 0.2 


2 Load applied after specimen reached test temperature. 
Cracks intercrystalline. 
¢ Equal to 25 g NaOH per 100 g H.0. 


TABLE 8 SUMMARY OF EMBRITTLEMENT TESTS WITH 
POTASSIUM SALTS 
Specimens 
Specimens not 


Solution used cracked cracked 


KOH (without inhibitor) 
KOH-—K,2SiO; (without inhibitor).... 
KOH-KNO; 

KOH-K,Si03;-K NOs 
KOH-quebracho extract 
KOH-—K2SiO;—quebracho 

No “free’’ KO 


@ Load applied after solution had been at test temperature 3 days. 


Type of test 
Detector 


Detector 


ing in stressed-steel specimens both in the embrittlement detector 
and in the tension tests (in the latter a small quantity of silica 
was required under the test conditions). It is unfortunate that 
there was so much interference from impurities in the first eight 
detector tests to be run. Hindsight indicates that new equ!P 


332 — 
Vv 
K25 4.7 t 
K29 10.0 b 
‘ 
no. hi davs I 
220 
T3 59d t 
( 
| 
| 
te 
T3 60000 35d 0.2 596 
T5 50000 35 0.2 696 
TS 60000 35 0.2 1.0¢ 10 
T9 60000° 35 0.2 1.0 516 
T10 35 0.2 1.0 12 
T6 i8 11 
17 1.8 10 
8 6 
Tension 2 0 
Tension 1 2 
Detector 0 5 
0 
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ment should have been used. Cracking undoubtedly was pre- 
vented by impervious coatings formed on the specimens from 
impurities in the caustic solutions. It is quite possible that 
the tendency for such coatings to form often may be the con- 
trolling factor as to whether boiler-seam cracking occurs in 
boilers operated with scale-forming waters. 

The tests with nitrate and with quebracho extract show that 
the practical inhibitors of embrittlement cracking in solutions 
containing sodium-hydroxide alkalinity are also effective in po- 
tassium-hydroxide solutions. No attempt has been made to 
determine the inhibitor ratios required to prevent cracking. The 
apparatus available was unsuited to such determinations, and 
the data can be obtained much more readily in embrittlement 
detectors attached to operating boilers. Also it would be a 
most unusual boiler water that contained no sodium salts. The 
ratios found suitable for sodium-hydroxide alkalinity would 
therefore probably be required in most cases. 

No tests were run at temperatures corresponding to the higher 
operating pressures. Several specimens, however, have been 
cracked in embrittlement detectors mounted on boilers operating 
with potassium-salt treatment at 1250 and 1350 psi. The tests 
that showed the effect of ‘zero caustic” treatment should be of 
special interest, therefore. Tripotassium phosphate apparently 
can be used as effectively as the now widely used “co-ordinated” 
sodium-phosphate treatment. The potassium silicates 
caused no cracking, but whether a boiler can be operated with high 
silicate concentrations without serious scaling and turbine-fouling 
troubles is beyond the scope of this project. 


also 


Discussion 


C. E. Kaurman.'? When Dr. Hall’ first formulated his ideas 
on potassium equilibrium in boiler waters, work was started in 
our laboratories with embrittlement-detector installations in 
order to investigate the characteristically different waters pro- 
duced. 

In general our experiments, run from 30 to 60 days at 250 C 
(482 F, 577 psia), parallel and confirm those of the authors. 
Inhibition with nitrate and tannin was successful, and main- 
tenance of alkalinity with either K,PO, or K,SiO,; alone resulted 
in no cracking of hot- or cold-rolled test bars. In fact, with no 
inhibitor present, potassium-salt solutions containing free hy- 
droxide in appreciable quantity caused an even lesser percentage 
of cracking than the authors found, although, again, deposition 
of complex substances derived from previous tests may have been 
an important factor. 

Mixtures of sodium and potassium salts with free hydroxides 
present were intermediate in their tendency to produce crack- 
ing, exhibiting less aggressiveness than sodium salt-caustic 
solutions and greater action than exclusively potassium salt- 
hydroxide solutions. 


T. E. Purcert™ anp 8S. F. Wurre.'® The results of two em- 
brittlement-detector tests, one of 58 days’ duration, the other of 
90 days’ on a boiler operating at 900 psi, substantiate the find- 
ings of this research investigation that alkalinity produced by 
potassium-phosphate salts, with no caustic alkalinity present, 
will not eause embrittlement cracking of the detector specimens. 

" Research Engineer, Hall Laboratories, Inc., Pittsburgh, Pa. 

“A New Approach to the Problem of Conditioning Water for 
Steam Generation,” by R. E. Hall, Trans. A.S.M.E., vol. 66, 1944, 
pp. 457-474. 

“General Superintendent of Power Stations, Duquesne Light 
Company, Pittsburgh, Pa. Mem. A.S.M.E. 

“Chief Chemist, Power Stations Department, Duquesne Light 
Company, Pittsburgh, Pa. 
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In this investigation, the authors used pure tripotassium 
phosphate. Our tests, the first of which was reported before this 
Society, were run with co-ordinated phosphate pH control,'® 177 
wherein the pH of the boiler water was maintained slightly on the 
acid side of the stoichiometrical neutral point of pure tripotassium 
phosphate. A typical boiler-water analysis is given in Table 9 
of this discussion. 


TABLE 9 TYPICAL ANALYSIS OF BOILER WATER: NO. 1 
BOILER, F. R. PHILLIPS POWER STATION 


H{: determined 10.77 
phosphate-pH curve. 11.05 
Sp. cond., micromhos 944 
Dissolved salts, ppm 566 
Phosphate, POs, ppm...... Sa 130 
Sulphate, SOs, ppm 220 
Sulphite, SO3, ppm... . 2 
Chloride, Cl, 16 
Hydroxide, OH, 0 


@ By modified Winkler method, using strontium chloride and phenol- 
phthalein, 


The authors are to be commended for presenting all of their 
data instead of only that portion which fits the present general 
pattern of thinking. In research investigations, it is often the 
seemingly undesirable data which eventually prove to be the most 
significant. Of particular interest are the preliminary results 
with potassium hydroxide in the old bombs. At first thought 
they are somewhat surprising, but a little reflection and study 
give quite a clear picture. For example, approximately 3 years 
ago, one of our boilers was treated with quebracho tannin for a 
test period of 1'/, years. Since the discontinuance of this treat- 
ment, the boiler has evaporated approximately 800,000,000 Ib of 
water and has been drained and refilled with condensate five 
times, but still the characteristic wine color produced by the 
quebracho remains in the boiler water. It is readily conceiva- 
ble, as the authors point out, that deposits laid down on boiler 
surfaces may be a controlling factor as to whether boiler-seam 
cracking will occur later. 


AuTHoRsS’ CLOSURE 


The authors are grateful to the contributors of the three 
written discussions. Both C. E. Kaufman, and T. E. Purcell and 
S. F. Whirl have presented corroborating data that are always 
welcome. E. B. Powell® has suggested that the action of nitrate 
on steel be discussed in greater detail. A summary of the ob- 
served behavior of this chemical during plant and laboratory 
tests does appear appropriate because of its increased use in 
boiler-water conditioning. 

Nitrate in hot dilute alkaline solution is a relatively stable sub- 
stance; for example, it does not appear to react with sodium sul- 
phite at boiler temperatures (observations have been made at 
200 to 700 psi). Specially prepared metals can reduce nitrate 
quantitatively to ammonia in such solutions, however, and this 
property is the basis for the evolution method for its determina- 
tion. 

The loss of nitrate from hot dilute solutions in laboratory auto- 
claves is thought to be due to its electrochemical reduction at 
especially active areas in the steel surface. Such areas tend to 
lose their activity during the reduction reaction, and decreasing 
quantities of the chemical are lost during successive tests in the 
same apparatus. Plant experience is similar in that, when ni- 


16 “Embrittlement of Boiler Steel—Experiences With the Schroeder 
Detector,” by T. E. Purcell and S. F. Whirl, Trans. A.S.M.E., vol. 64, 
1942, pp. 397-402. 

17 Protection Against Caustic Embrittlement by Co-Ordinated 
Phosphate pH Control,” by T. E. Purcell and S. F. Whirl, Third 
Annual Water Conference, Engineering Society of Western Penn- 
sylvania, 1942, pp. 45-60. 2 

18 See p. 322 of this issue for Mr. E. B. Powell’s written discussion 
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trate treatment is first added to a boiler, the concentration found 
in the boiler water is usually substantially lower than that ex- 
The boiler surfaces seem to be conditioned in 2 or 3 
weeks, however, and no further reduction or loss of chemical 
As with any other stable salt, the concentra- 
tion in the boiler water can then be predicted on the basis of 
feedwater, blowdown, and carry-over relationships. 


pected, 


appears to occur. 


In hot concentrated hydroxide solutions such as those that may 
exist in boiler seams, nitrate is much more reactive with respect. 
to steel and the ordinary oxides of iron. The product of the 
reaction appears to be a higher oxide, which tends to remain at 
the original steel or oxide surface as an adherent coating. The 
formation of the coating tends to limit the extent to which the 
base metal can be attacked. Thus the embrittlement-detector 
specimens tested in nitrate solutions are generally colored red 
where the coating is heavy, but the quantity of metal lost is no 
greater than when the inhibitor is absent. It would be incor- 
rect to state that nitrate prevents embrittlement by increasing 
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the general corrosion activity at the steel surface. More proba- 
bly, no intererystalline attack can occur because the grain 
boundaries as well as the grains are covered with an unbroken 
passivating film or coating. 

Confusion also exists with regard to the use of nitrate as an 
inhibitor when its concentrated solutions are known to produce 
intererystalline cracking very rapidly in stressed steel. Experi- 
ments have shown that nitrate in alkaline solution will not pro- 
duce cracking. The explanation is derivable from the observed 
reactivity of the chemical. In hot alkaline solutions it corrodes 
steel very rapidly until a protectve oxide coating is produced, 
Hot concentrated neutral solutions are not generally corrosive; 
and the attack, if any, is limited to the material at the grain 
boundaries. Thus hot alkaline nitrate solutions protect steel by 
coating it with an adherent oxide; while hot concentrated neu- 
tral solutions may cause stressed steel to crack as the result of 
intererystalline corrosion. 
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Experience With Sodium and Potassium 
Chemicals for Boiler-Water Condi- 
tioning at Montaup Electric 


By G. U. PARKS,' FALL RIVER, MASS. 


Since its installation in June, 1942, the high-pressure 
forced-circulation boiler at Somerset Station of the Mon- 
taup Electric Company, which is designed to produce 
650,000 Ib of steam per hr at 1950 psi, has been of con- 
siderable general interest, because of certain unique fea- 
tures in power-plant practice. Operation for the first 9 
months, using standard sodium chemical treatment for 
water conditioning, was unsatisfactory. A potassium 
treatment was evolved, which corrected the adverse con- 
ditions. Today the Somerset Stations’ high pressure 
boiler is in every respect an excellent commercial steam 
generator. 


INTRODUCTION 


N June, 1942, a new high-pressure forceed-circulation boiler 
was placed in operation at this company’s Somerset Sta- 
This boiler is designed to produce 650,000 Ib of steam 
per hrat 1950 psi at the steam-drum outlet. Final steam tempera- 
ture is 960 F. The boiler contains a 400-Ib reheat seetion with a 
capacity of 537,000 Ib of steam per hr. Details of this boiler and 
related generating and electrical equipment 


tion, 


were previously 
presented in a paper by Clark, Rosencrants, and Armacost.? 

This high-pressure steam-generating unit has certain features 
which were unique in American stationary-plant practice at the 
time of installation. Some of these features should probably be 
mentioned as they undoubtedly have relation to boiler-water 
conditions. These special features are high-pressure pumps 
circulating boiler water from the wet-drum downecomers at 
boiler-water temperature and pressure to the bottom headers 
supplying the two side-wall and rear-wall tubes, and also the 
circuit of tubes which comprises the floor, front wall, and root; 
strainers which are l-in, tubes so placed in the supply headers that 
entry of boiler water is obtainable only through a number of 
‘/e-in-diam perforstions; orifices at the upper the 
strainers of either 0.34 in. or 0.40 in. diam, depending upon the 
tube cireuit supplied, each of these orifices supplying water to a 
pair of 1'/,-in-OD furnace-wall tubes (bifureated tube construc- 
tion); over-all ratio of boiler water circulated to steam generated 
of 4:1 at full load. 

Feedwater to this boiler consists of condensate from two tur- 


ends of 


bine condensers with an average of about 2! » per cent make-up 
water supplied from evaporators. Raw 
River, which is the drainage source of a typical New England 
country watershed. 


water is from Coles 


Condensing water is from the Taunton 


‘General Manager, Montaup Electric Company. Mem. A.S.M.E. 
*““1825-Pound-Pressure Topping Unit With Special Reference to 
Foreed-Circulation Boiler,” by F. 8. Clark, F. H. Rosenerants, 
and W. H. Armacost, Traris. A.S.M.E., vol. 65, 1943, pp. 461-477. 

Contributed by the Joint Research Committee on Boiler Feed- 
water Studies and presented at the Annual Meeting, New York, N. Y., 
Nov. 27-Dee. 1, 1944, of Tue Amertcan Socrety or MECHANICAL 
ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


River, which is a tidewater river, and contains substantia. 


amounts of sewage. 
Resuurs During TRearmMent SopiuMm CHEMICALS 


A series of boiler inspections during the first 9 months of opera- 
tion with the use of standard sedium chemicals (phosphate, hy- 
droxide, and sulphite) for boiler-water conditioning consistently 
Analy- 
ses of the various deposits showed theSe to consist largely ot 


showed internal conditions whieh were unsatisfactory. 


magnetic oxide of iron with appreciable quantities of ealetum and 
magnesium phosphates also present. In some of the samples 
the magnesium actually exceeded the calcium percentages. 
Small amounts of copper were also found in many of the deposits. 

While some of the magnetic oxide of iron present during this 
period was undoubtedly mill scale, this did not account for all of 
this material. Examination of tube sections also showed that 
under the coating of magnetic oxide on the tubes, quite a little 
Dis- 


solved oxygen in the feedwater was naturally one of the first 


pock-marking or pitting existed, which gave some concern. 


things to be checked, but tests on the feedwater generally showed 
negative results with traces of oxygen being found only oc- 
casionally. Furthermore, even though small amounts of oxygen 
could have been present in the feedwater, this could hardly be a 
significant factor in the corrosion of the boiler tubes for the in- 
crease in temperature of the feedwater as it reached the boiler 
drum and extremely low partial pressure of oxygen in the steam 
would tend to remove the oxygen with the steam leaving the 
boiler, before the water reached the downeomers located at 
the two ends of the wet-steam drum. 

Sodium sulphite was also used as a chemical oxygen scavenger. 
However, it was found that this chemical was unstable in our 
unit, and when maintained at more than a few parts per million 
in the boiler water, considerable contamination of steam with 
hydrogen sulphide occurred, 

After a few months’ operation, it was also noted that con- 
siderable hide-out of sodium phosphate and sodium sulphate oe- 
curred, as indicated by boiler-water tests when dropping load 
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Condition of tubes after 6 months’ operation with sodium chemi- 
cal treatment is shown in Fig. 1. 


PorassiuM TREATMENT 


In March, 1943, Dr. R. E. Hall called the attention of our con- 
sultants, the Stone & Webster Engineering Corporation, and 
ourselves, to certain data which he had developed, showing the 
possibilities of certain advantages which might be obtained by 
maintaining potassium rather than sodium equilibria in boiler 
waters. Details of this development have also been presented 
in a paper® by Dr. Hall. 

It was decided that we would try this new approach, and ar- 
rangements were made to get the necessary chemicals which in- 
cluded potassium phosphate, potassium hydroxide, potassium 
sulphite, potassium chloride, and potassium silicate. Before 
instituting the new treatment, plans were made to clean the 
boiler thoroughly, inasmuch as considerable accumulation of de- 
posits was present. The cleaning was done about the middle of 
April, 1943, using inhibited hydrochloric acid, supplied by Dowell, 
Inc. 

Operation of the boiler was resumed on April 22, 1943, using the 
potassium chemicals mentioned. 

After a few relatively short runs, followed by internal in- 
spections of the boiler, the results were decidedly encouraging, as 
measured by reduction in deposit formation. Therefore, the 
boiler was placed in operation at full design pressure and load 
increased to about 75 per cent of design, whereas, during the 
greater part of the operating period with sodium chemicals, it 
had been deemed advisable to operate at lower pressure and 
load, until improvement in internal conditions could be obtained. 

One of the first encouraging features of the new treatment was 
the sharp decrease in the extent of chemical hide-out found on 
dropping boiler load. In fact, no hide-out at all could be obtained 
with the potassium chemicals used for boiler-water conditioning 
when simply dropping load. Once the furnace fires were actually 
out, slight amounts of phosphate and silicate hide-out were in- 
dicated. A typical comparison of hide-out test results are given 
in Table 1. 


TABLE 1 CHEMICAL HIDE-OUT IN BOILER WATER WHEN 
TAWING BOILER OUT OF SERVICE 


During 
During sodium potassiurn 
——treatment—— -——treatment—— 
Start Finish Start Finish 
Phosphate as POi, ppm......... 20 175 45 
Phosphate increase, 155 
Sulphate as SOs, ppm. 90 223 
Sulphate increase, S¢ me DI 133 
Silica as SiOz, ppm. Not determined 
Silica increase, ppm............. Not determined 
Chloride as Cl, ppm? 39 24 
Phosphate increase, corrected for 
dilution, ppm. y 
Sulphate increase, corrected for 
dilution, ppm 272 
Silica increase corrected for dilu- 


tion, ppm Not determined 


® Decrease in chloride gives a measure of the dilution of the boiler water 
pp feedwater as the load on the boiler is decreased and the unit taken out 
of service. 


While with potassium treatment, the hide-out of sulphate had 
been completely eliminated, and that of phosphate reduced to 
an almost negligible factor, the small amount of silica hide-out 
came as somewhat of a surprise. We have since learned that in 
other high-pressure boilers, operating on sodium treatment, silica 
hide-out is not at all uncommon, but inasmuch as tests for silica 
were not made during hide-out tests on our boiler during the 


“A New Approach to the Problem of Conditioning Water for 
Steam Generation,”’ by R. E. Hall, Trans. A.S.M.E., vol. 66, 1944, 
pp. 457-488. 
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period of sodium treatment, we have no knowledge of the extent 
to which this could have occurred. 

As a result of the silica hide-out, the silicate feed was reduced 
so that the boiler-water silica concentration was generally main- 
tained at about 5 to6 ppm. After a boiler inspection in July, 1943, 
when some magnesium phosphate was found in the deposits, it 
was decided to increase the silica feed with the object of favoring 
the precipitation of magnesium as magnesium silicate which 
would be expected to be less adherent to the internal boiler sur- 
faces. The increased feed of silica was begun in August, 1943. 
However, within about 30 days or so, it was noted that capacity of 
the condensing turbines was dropping off, and thrust-bearing 
temperatures were also increasing, indicating turbine deposits. 
As the result of these undesirable turbine conditions, the silica 
feed was again reduced to the former level. Inspection of one 
of the condensing turbines showed deposits of insoluble silica 
present, which were removed by mechanical cleaning. The other 
condensing unit was restored to full capacity with normal thrust- 
bearing temperatures by washing with caustie soda and satura- 
ted steam. 

An inspection of the high-pressure boiler during the latter 
part of October, 1943, showed quite good internal conditions, as 
had become customary since the institution of potassium treat- 
ment. Therefore, it was decided to put the boiler back on the 
line and increase the load to full design operation. Shortly after 
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TABLE 2 COMPARISON OF INTERNAL BOILER CONDITIONS, SODIUM VERSUS POTASSIUM 


Sodium treatment, June, 1942, to April 15, 1943 
Deposits showing magnesium phosphate and magnetic oxide of iron 


Economizer outlet 
tubes 
Downtake screens 


as major constituents. 


iron as tnajor constituents. 
40 per cent plugged. 

Waterwall supply 
headers 


Heavy deposits showing calcium phosphate and magnetic oxide of 
Screen openings found as much as 


Considerable deposits showing calciuyn phosphate, magnesium phos- 
phate, and magnetic oxide of iron as major constituents. 


Potassium treatment, during periods 
subsequent to April 22, 1943 


No deposits. 


Sirnilar deposits in decreased amnount. Scree 1; 
seldom found more than LO per cent plugged. 


Very snall quantities of deposits, mainly 


Large magnetic oxide of iron and some copper. 


quantities of these deposits found in definite ‘‘sealy’’ pieces. 


Strainers supplying 


orifices phosphate, and caleiun 


Boiler tubes 


siderable action on tubes under deposits 
Reversing hoods 
(Through which boiler 
water and steam gen- 
erated discharges in 
the steam drum) 
Wet-steam drum 


minor constituents. 


midnight on December 7, 1943, with a load of 630,000 lb per hr on 
the boiler, the No. 2 roof tube, counting from the north wall, 
failed, necessitating taking the unit out of service. This was the 
first tube failure since the institution of potassium treatment, 
although several similar failures had occurred during the period 
of sodium treatment. Inspection of the unit showed that the 
failure was unquestionably due to a build-up of sludge, mostly 
iron oxide, in the north end of the rear bottom header which sup- 
plies water to this tube circuit, consisting of floor, front-wall, 
and roof tubes. This condition of iron-oxide accumulation at 
the ends of the rear header was corrected by the boiler manu- 
facturer by connecting these ends to the west ends of the side- 
wall headers through collecting chambers, to permit boiler- 
water circulation instead of stagnation at the header ends. The 
continuous-blowdown collection system was also improved. 

During the boiler outage, starting December 7, 1943, a num- 
ber of tubes were cut out and split for internal examination 
(Fig. 2). The deposits on the tubes were found to be greater 
than had previously been seen since the institution of potassium 
treatment. Most of the coating was found to be iron oxide, but 
under this, on the internal surface of the tube area exposed to the 
heat of the furnace, a thin band of acmite, sodium-iron silicate, 
was found. To clean the boiler tubes thoroughly, before return- 
ing the unit to service, acid cleaning by Dowell Inc., was done, 
using inhibited hydrochloric acid supplemented by a fluoride. 
The fluoride was included to obtain removal of the silicate de- 
posit. 


In case of any question as to the source of the sodium on the 
acmite which had been found in the boiler tubes, the answer to 
this lies in the fact that tidewater for condenser cooling is used at 


the Somerset station. While condenser leakage is kept relatively 
low, a little does occur, and the sodium-salt content of this con- 
denser leakage, which goes into the feedwater system is naturally 
quite high. Thus to keep boiler-water blowdown and chemical 
feed within reason, it is necessary to operate normally with a 
potassium-to-sodium ratio, expressed in equivalents of about 3 to 
1, and during periods of relatively high condenser leakage this 
ratio is but 2 to 1. If the station were located so that fresh 
water could be used for condenser cooling, providing a considera- 
bly higher ratio of potassium to sodium to be readily main- 
tained, it is possible that the danger of acmite formations in the 
boiler, with the silica concentrations which were used, might not 
eXist, 


Considerable deposits showing magnetic oxide of tron, magnesiu’n 
phosphate as 
Strainer openings found as much as 50 per cent plugged at times. 
Considerable deposits with magnetic iron oxide as major constituent. 
Minor constituents found present were water-soluble sodium salts, 
calcium phosphate, magnesium phosphate, and ferrie oxide. 


Deposits showing crystalline calcium phosphate and magnetic oxide 
of iron as major constituents, with magnesium phosphate, and 
water-soluble sodium salts present as minor constituents. 


Considerable deposits showing magnetic oxide of iron and copper as 
major constituents, with calcium and magnesium salts present as 


Very little deposits, mainly magnetic oxide of 
iron. Seldon find strainer openings as 
much as LO per cent plugged. 

Generally find some deposits, of about the same 
composition as found under sodiun treat- 
ment, but quantities are considerably less. 
Some action on tubes under deposits. 

No deposits. 


major constituents. 


Con- 


Very small quantities of deposits found, con- 
sisting mainly of magnetic oxide of iron and 
some copper, with calcium and magnesium 
phosphates as minor constituents. 


When the boiler was returned to service, the use of silicate 
was discontinued, but the other potassium chemicals previously 
mentioned were continued in use as the sole water-conditioning 
chemicals. The silica feed had been used to try and maintain 
“captive alkalinity,” as well as for the separation of magnesium 
as the silicate, as discussed in Dr. Hall’s paper.* As a substitute 
for the “captive alkalinity,” the potassium-chloride feed was in- 
creased to reduce the hydroxide concentration which could de- 
velop in case of localized evaporation. This chloride-to-hydrox- 
ide ratio control is based upon solution-concentration limits de- 
termined by the At developed of solutions‘ of alkali chlorides and 
hydroxides which show increasing solubility with temperature 
increase, beyond the critical temperature of water. This re- 
lationship is also discussed in Dr. Hall’s paper. 

The 25,000-kw back-pressure turbine, which receives its steam 
from the high-pressure boiler, was dismantled in August, 1944, 
for internal examination and general repairs. No blade deposits 
were found, other than a slight film of iron oxide. 

During 1944, we found that, from time to time, there was sub- 
stantial carry-over from the evaporators. This has been cor- 
rected by the installation of steam scrubbers. Condenser leak- 
age, never relatively high, has been further reduced by retubing 
one of the two surface condensers. Studies inaugurated during 
1944 demonstrated that a certain part of the iron oxide found 
in the boiler sludges comes from the feed system. The results 
of several tests run recently indicate that deposits on the boiler 
tubes are loosely held together, and that approximately 75 per 
cent of these deposits can be placed in suspension and expelled 
through the blowdown system by operating the boiler at a drum 
pressure of approximately 400 lb for not more than 24 hr. 

A summary showing general results as observed at various 
boiler inspections, during the periods of sodium and potassium 
boiler-water conditioning, is given in Table 2, 


CONCLUSIONS 
From our operation since 1942, we may draw the following 
conclusions: 
1 The forced-circulation boiler at Somerset Station is now an 
excellent commercial steam generator. 
2 With introduction of the potassium treatment, water con- 
ditions improved immediately, and the quantity of the sludges 


4 At is the temperature difference between the saturated steam in 
the boiler and the boiler-water film on an evaporative surface. 
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has decreased substantially. Some part of this improvement, 3 
undoubtedly, was occasioned by changes in the feed system, but 
we feel a substantial amount can be credited to the change in 
boiler-water treatment. 


Since conditions remain so satisfactory without the feed ot 


potassium silicate, and since there was some trouble while po- 
tassium silicate was being fed, we see no reason for its use in the 
future 
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The Coefficient of Herschel Tvpe 
Cast-Iron Venturi Meters 


By W. S. PARDOE,' PHILADELPHIA, PA. 


N the past the A.S.M.E. Research Committee on Fluid Meters 
has published several plots of coefficients of Herschel Venturi 
Meters deduced by the author from experiments conducted 

_in the Hydraulic Laboratory of the Civil Engineering Department 
of the University of Pennsylvania. On each occasion the curves 
were based on experiments to date. The accompanying 
curves, Figs. 1 and 2, are based upon eighty-six tests made during 
the years 1928 to 1943. 

The coefficient (C) of the Venturi meter is defined by the for- 
mula 
( / 
V 2gh, 


in which C is the coefhicient; VW. is throat velocity in feet. per 


second; 8 = ratio d,/d,; and h, Venturi head in feet. 


If the frictional loss expressed as k be included in Bernoulli's 
“9 


theorem, and a, and ag be coefficients of the corresponding velo- 
city heads to allow for the excess kinetic energy per pound 
l 


‘2 h, 


iquating these expressions for 


ay +k 


As the velocity at the throat V» is quite uniform, the pipe factor 


is close to unity, and a2 may be assumed unity; a@ will vary with 
the pipe factor of the upstream pipe which is a function of f, 
h and f 0.3164 
If the pipe is smooth and j Rni/* 
Blasius, the pipe traverse follows the seventh-root law, the pipe 
factor being0.817, and a; = 1.056 as this is a factor of B* a small 
number for usual ratios, a; will also be assumed unity. This 
reduces the formula to the simple expression 


the friction factor. after 


Professor, Civil Engineering, University of 
Pennsylvania. 

Contributed by Special Research Committee on Fluid Meters 
and the Industrial Instruments and Regulators Division and pre- 
sented at the Annual Meeting, New York, N. Y., Nov. 27—Dee. 1, 
1944, of Toe AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 


the Society. 


Department of 


the effect of a; being absorbed in k. 

The eighty-six tests are presented herewith in reverse chrono- 
logical order. The pertinent data obtained from these curves? are 
shown in Table 1: 


Column 1, size diameter of main and throat in inches. 

Column 2, ratio d./d; = 8B 

Column 3, coefficient, C when constant. 

Column 4, value of Reynolds number at which C becomes con- 
stant. 

Column 5, values of & from Fig. 3. 

In Fig. 4, the value of & is plotted as ordinate and the throat 
diameter in inches as abscissa on log-log paper. Limiting lines 
are drawn and the arithmetic average gives the equation 


k = 0.0435/d''* 


Table 2 shows values of k and C for the various sizes in Figs. 1 
and 2. 

In Fig. 4 is also plotted the relation between throat diameter 
and Reynolds number for constant coefficient giving the equation 


R, = 115000d°-* 


The fourth column in Table 2 is obtained from this plot and the 
corresponding velocity for Temp = 68 F computed. 

The 1936 Oklahoma 4 X 2-in. tests gave information up to 
Reynolds number 2500. The curves between this and the flat 
parts were obtained by plotting about a dozen curves going to 
fairly low values and using them as guides in the connecting 
curves. 

Figs. 5 and 6 are typical curves of the 86 tests shown in 
Table 1. 

It may be suggested that the d-k curve in Fig. 3 is an area and 
not a curve but, as an error here of 50 per cent makes only an error 
of '/, of 1 per cent in C, it is fairly accurate at that. 


2 Data for Table 1 was obtained from S86 curves similar to 


those shown in Figs. 5 and 6. 
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TABLE 1 DATA OBTAINED FROM TESTS 


TABLE 


TABLE 2 VALUES FOR VARIOUS 
SIZES OF VENTURI METERS 
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Discussion 


M. M. Borpen.? Since laboratory tests of the Venturi tubes 
referred to in the paper are of necessity limited to those of usual 
size, the paper is of further particular value for the estimation 
of C for other sizes and ratios which have not or cannot be tested. 
The lesser change of C for the increasingly larger 
portant. 


sizes is im- 


The trifling divergence of the test points from the curves for 
the two tubes whose ratings are shown reflects the accuracy of the 
test methods and operations. 

Since those conditions and details which determine the in- 
herent performance of the Venturi tube are all contained within 
its structure, its manufacturer may guarantee its C with its tol- 
erance value. 

Nevertheless, due regard for the effect of upstream conditions 
upon C remains a mutual responsibility of the user as well as the 
maker. 

The author’s earlier paper? on effect of installation contains 
information of greatest value in this matter. 

Manufacturers and users of such Venturi tubes are greatly 
indebted to the author of the paper; the former for his critical 


3 Vice-President, Department of Engineering, Simplex Valve & 
Meter Company, Philadelphia, Pa. Mem. A.S.M.E 

4“Effect of Installation on the Coefficients of Venturi Meters,” 
by W S. Pardoe, Trans. A.S.M.E., vol. 58, 1936, pp. 677-684. 
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and painstaking investigation of those matters which determine 
the value of C, and the latter for the unbiased information as to 
coefficient and effects thereupon of conditions ahead of its en- 
Lrance, 


The Venturi-tube proportions of the Company's production have 
been adhered to closely throughout the entire range of sizes con- 
structed by it. Their surface roughness is practically the same 
being controlled by the core material and finish. 


W. A. Carrer.’ Great credit is due for this excellent paper 
establishing the coefficient for the Herschel type of Venturi tube. 
It represents a tremendous amount of painstaking work and is of 
great value. 

It should be understood that at least two American manu- 
facturers of Venturi tubes build cast-steel units that do not con- 
form to the Herschel design and whose coefficient curves do not 
conform to those given in this paper. 

It is hoped that the author will conduct further tests on this 
other style of Venturi tube and report the results as completely as 
he has done in this case. 


I. O. Miner.® [t has been customary ever since head meters 


5 Technical Engineer of Power Plants, The Detroit Edison Com- 
pany, Detroit, Mich. Mem. A.S.M.E. 

6 Chief Engineer, Builders-Providence, Ince., 
Mem. A.S.M.E. 


Providence, R. I. 


| 

. 

| 


PARDO THE COEFFICIENT OF 
were first used to calculate flow by means of a formula taking 
into account increase of velocity as a fluid passes from a pipe 
through a restriction and to provide a coefficient which takes into 
account all other effects. 

Various formulas have been proposed from time to time to 
segregate some of the factors in the coefficient. The author has 
given us formulas taking into account the variation in velocity 
across a section of the conduit and frietional loss between the 
Ile has correlated his formulas 
with the results of tests on 86 Venturi meters. 


upstream and the throat taps. 
He has done a 
yreat service to those interested in the manufacture and de- 
velopment of Venturi meters because he has given us a better 
insight into the reasons why Venturi tubes behave as they do. 

As pointed out in the paper, ay, the factor taking into account 
the effect of uneven velocity distribution in the upstream pipe, is 
multiplied by the factor 3! and since the latter is quite small the 
error caused by assuming the pipe factor to be unity is extremely 
small. Furthermore, the constriction in a Venturi tube causes 
the velocity distribution at the throat to be nearly uniform, and 
if the pipe factor at the throat is assumed to be unity, the error is 
extremely slight. 

The latter effeet is particularly interesting to the writer's 
company because on special tubes made for installations with 
limited available space we have found that a special shape de- 
signed to give uniform velocity at the throat within very small 
limits produces much more consistent results than does the semi- 
elliptical shape of the A.S.M-.E. 
tunately, we have not calibrated a sufficient range of sizes and 


long-radius nozzle. Unfor- 
throat-to-diameter ratios to make publication of results seem 
advisable as vet. However, more Venturi tubes of this special 
shape are being calibrated, and it is hoped that a full range will 
have been covered in another vear or two. 

The author coneludes with the statement, “It may be sug- 
gested that the d-k curve in Fig. 3 is an area and not a curve but 
as an error here of 50 per cent makes only an error of '/: of 1 per 
cent in C, it is fairly accurate at that.” 

If the author had had data from a sufficiently large number of 
tests he undoubtedly could have reduced the seattering of his 
plotin Fig. 4. The factor & represents the loss of head between 
the inlet and the throat. Certainly it is to be expected that as 
8 varies, the coefficient k will also vary. If we take all of the 
tests reported in this paper for tubes having 


8 = or above 


we find that with one exeeption the points in Fig. 4 he below the 
line 
k = 0.0435 


If we pick out the points for tubes having ratios below 
find that they all lie on or above the line 


k = 0.0435 


Data from several hundreds of tests would be required to establish 
curves for k for several different ratios. 

We believe that if a sufficient number of curves were available 
to plot the experimental values of & for a series of 3’s we should 
also find it advantageous to include a and a. As already men- 
tioned, ay is multiplied by a small quantity and therefore has 
relatively little effeet. However, to offset this fact &, the quan- 
tity in which we are interested, is also small so that even though 
the produet a 8,4 is small it still has an appreciable effect on k. 

As for as, we are quite in agreement with the author that at 
small 3’s this ean be assumed to be unity, but as 3 is increased 
the point must eome where az can no longer be considered unity 
w'thout causing k to appear different from its actual value. 

It is hoped that when the urgency of meeting war requirements 
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is past we shall be able to conduct experiments to study flow pat- 
terns with various roughnesses, inlet shapes, and upstream pipe 
If this opportunity ever occurs, we shall find this 
paper of great assistance in analyzing our results and we may be 


conditions. 


able to employ sufficient refinements to pin k down to a very nar- 
row band even though we are dealing with differences of small 
quantities, making the job extremely difficult. 

The question has been raised as to whether the results are any 
different from what would be obtained if the Venturi tubes had 
butasingle tap upstream and at the throat. It seems obvious that 
there would be no difference as long as upstream piping condi- 
tions are good. However, if one refers to the previous work of 
Professor Pardoe on the effect of instaliation on the coefficient 
of Venturi meters,!7 and to the joint A.G.A.-A.S.M.E. Com- 
mittee report on orifice coefficients,® he will find that the required 
piping upstream of a Venturi meter is much less than that with 
an orifice. The table 
values. 


accompanying shows representative 


Diameters of straight pipe 
- required upstream 
Venturi Orifice 

OS 
12'/, 
0.3 a 
0 7 
0 


Cpstream fitting 
Decreaser 


Increaser 


Elbow 


8 

The author warns us to use caution in applying his summary 
curves from which the values for Venturi tubes were taken, but 
the evidence is pretty conclusive that with inereasers or decreasers 
considerably less straight piping is required for Venturi tubes 
than for orifices, and that for elbows the difference is in the same 
direction but much greater. 

The fact that with increasers and decreasers less straight pipe 
is required ahead of the Venturi than ahead of the orifices in- 
dicates that symmetrical abnormal velocity distribution has less 
effeet with the Venturi, probably mainly because the “vena- 
contracta’’ is established mechanically and has a definite diameter. 
On the other hand, with the orifice not only do a, a2, and & vary 
but also the diameter and location of the vena-contracta proba- 
bly vary. 

The fact that with an elbow upstream of the Venturi the 
reduction in required straight piping caused by the substitu- 
tion of a Venturi tube for an orifice is so much greater than 
with an increaser or decreaser, may well be accounted for by 
the multiple vents. It is the writer’s belief that the number of 
vents in the upstream annular chamber of a Venturi tube should 
not be reduced below present practice but that the number of 
vents at the throat is superfluous. A single vent at the throat is 
sufficient up to 


3 = about 0.5 or 0.6 


and at higher 3’s two vents diametrically opposite are sufficient. 
The writer feels strongly that an investigation of the required 
number of vents is long overdue. A great deal of labor in an 
accurate Venturi tube is put into the making of the throat vents 
sharp without burrs or other defects. If one or two vents are 
sufficient then no more should be provided. The reason for 
believing that one or two vents at the throat are sufficient is, 
of course, the effect of the reducing section of the Venturi tube 
in causing the throat velocity to be nearly uniform. 


7 Discussion of W. 8. Pardoe’s paper (ref. 4), Trans. A.S.M.E., 
vol. 59, 1937, pp. 750-756; also see ‘‘Effect of Installation on the 
Coefficients of Venturi Meters,’’ by W. S. Pardoe, Trans. A.S.M.E., 
vol. 65, 1943, pp. 337-349. 

8 Report by the Joint A.G.A.-A.S.M.E. Orifice Coefficient Com- 
mittee, Nov., 1935. 
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AvtTHorR’s CLOSURE 


Mr. Borden brings out the fact that in extrapolating results 
for larger Venturi meters the author cannot be far wrong as the 
coefficient cannot approach unity even for very large meters. 

Mr. Carter’s plea for similar curves for short steel Venturi 
nozzles is quite understandable but the author regrets that it will 
be a long time at present rate of testing such meters before he 
will have sufficient data. In the meantime each such meter 
should be calibrated if a high degree of accuracy is desired. 

Dr. Miner brings out the effect of ratio very nicely. 
author has suggested the theoretical formula 


The 


C, = 


as of use temporarily for values of 8 other than 0.5. He regrets 
he has insufficient data on which to base a practical imperial 
formula for the effect of ratio on the coefficient, but it is very 
small up to 8 = 0.625. 

Values of 8 above 0.75 should be used with much caution and 
always should be calibrated with the upstream pipe used in the 
permanent setup. 

The author agrees with Dr. Miner with regard to multiple 
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upstream vents but must disagree with his conclusions about 
throat vents. Recent unpublished experiments on the diameter 
of six throat vents varying from '/s in. to 1 in. ina 10 X 5-in. Ven- 
turi meter indicate that the correct diameter of the vents is zero; 
hence if for no other reason than to get sufficient area he would 
use multiple vents not over '/s in. diam. With this small di- 
ameter the task of getting them flush, square, and sharp should be 
much easier. 

The author desires to thank Messrs. Borden, Carter, and 
Miner for their constructive discussions. Also thanks for 
“them” kind words about his contributions. 

At this time he would like to suggest the following names for 
these meters: 


The Venturi meter for those which conform in the upstream 
section to the proportions laid down by Mr. Clemens Hirsche| 
as published in the Transactions of the American Society of Civil 
Engineers, 1887. 

The Venturi nozzle for meters of other shapes and proportions 
using an expanding downstream section. 

The Insert Venturi nozzle for those having expanding down- 
stream sections and inserted between pipe flanges. 

The Flow nozzle for meters using no expanding downstream sec- 
tion with either throat or wall taps. 


~ 
C, 
Loe 8, + 
hy. 
4 
: 
es, 
“4 
| 
oe 
: 
| 
we 
2 


Piping Arrangements for Acceptable 
Flowmeter Accuracy 


By R. E. SPRENKLE,' CLEVELAND, OHIO 


The author correlates data previously published on 
metering fluid flow through pipe lines and analyzes the re- 
quirements for piping arrangements, accarding to inter- 
pretations developed from many actual field installations. 
Most of the recommendations given in the literature are 
based on standards of piping requirements established 
by the Joint A.G.A.-A.S.M.E. Committee on Orifice Co- 
efficients. These standards as well as others obtained since 
that report was published in 1935 are shown in this paper 
in the form of seven schedules covering the use of ‘‘Ori- 
fices and Flow Nozzles,”’ and an eighth schedule, applying 
to “Venturi Tubes’? only. These schedules serve as the 
basis for developing typical piping layouts which are de- 
signed to interpret and clarify the principles involved from 
a practical application standpoint. 


N metering any fluid through a pipe line, it is most important 
| that the flow approach the orifice, flow nozzle, Venturi tube, 
Pitot tube, or other type of primary element, in a normally 
turbulent state. It must not be influenced by swirls, crosscur- 
rents, eddies, or other disturbances which create helical paths of 
flow. Nor can there be any disturbance following the primary 
element, which would in any way cause interference with the 
static-pressure measurement at that point. 

These conditions can best be controlled by providing adequate 
lengths of straight pipe on both sides of the orifice or other pri- 
mary element. The necessity for doing this has long been recog- 
nized in fluid-flow literature (1, 2, 3, 4, 5, 6, 7, 8).? 

It is interesting to note that most of the recommendations 
given in these several papers and articles have been based on the 
standards of piping requirements established by the Joint A.G.A.- 
A.S.M.E. Committee on Orifice Coefficients, which appear as 
sketches 1 to 5 of its 1935 Report. 

In general these standards have been found quite satisfactory 
when properly used. It is only natural though that in their ap- 
plication to specific meter installations, many questions of inter- 
pretation should have arisen. Furthermore, additional data 
have been obtained from researches at the author’s company, at 
the University of Pennsylvania, at the Case School of Applied 
Science, and at other sources, which both add to and make more 
clear these original standards, 

It is the purpose of this paper therefore not only to correlate 
these data with those previously published but also to furnish a 
reasonable interpretative analysis of these requirements as re- 
flected by results obtained from many actual field installations. 

In doing this, however, the author hastens to disclaim any in- 
tention of implying that everything is now known about suitable 
piping recommendations for any and all combinations of fittings, 


! Hydraulic Engineer, Bailey Meter Company. Mem. A.S.M.E. 

* Numbers in parentheses refer to the Bibliography at the end of the 
paper. 

Contributed by Special Research Committee on Fluid Meters 
and the Industrial Instruments and Regulators Division and pre- 
sented at the Annual Meeting, New York, N. Y., Nov. 27—Dec. 1, 
1944, of Tae AMERICAN Socrety oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


bends, and turns with straight and curved pipe sections. On the 
contrary, this paper should be considered only as a progress re- 
port based on experiences gained thus far both in the laboratory 
and in the field. As a matter of fact, this subject well merits a 
great deal more research and field investigation before we can be 
sure all the standards established and the interpretations thereof 
can be considered as fully proved and beyond reproach. It is 


sincerely hoped that when such additional data are obtained 
they will be made public at first opportunity. 


PIPING-REQUIREMENT STANDARDS 


For convenience in presenting the piping-requirement stand- 
ards published in the A.G.A.-A.S.M.E. Report in 1935, together 
with the additional data obtained since then, eight piping groups 
or schedules have been set up, as shown in Fig. 1. The first sev- 
en schedules cover the use of orifices and flow nozzles, while 
the eighth applies only to Venturi tubes. Each schedule, ex- 
cept the eighth, shows the minimum lengths of straight pipe re- 
quired for that particular pipng arrangement, both on the inlet 
and on the outlet sides of the orifice or flow nozzle. Alternately, 
it also shows the lengths of straight pipe required on the inlet side 
when straightening vanes must be used in lieu of the longer runs 
of straight pipe. 


PiPInG ON INLET SIDE 


(a) Orifices and Flow Nozzles. It will be apparent at once on ex- 
amining Schedules 1 to7, that the minimum required lengths ot 
straight pipe on the inlet side of the primary element increase 
rapidly with (a) the diameter ratio of the primary element, and 
(b) with the complexity of the piping arrangement preceding the 
straight run. On the other hand, the length of straight pipe on 
the outlet side varies but little with these or any other factors. 

The simplest arrangements, shown in Schedule 1, may include 
any fitting such as an elbow, tee, Y-fitting, drum or tank, sepa- 
rator or strainer, expansion joint, long-radius bend, etc. In the 
case of tees and Y-fittings, the flow can enter either one end or the 
side, provided the other end is blanked off. Also note, a second 
fitting cannot be closer than 6 diam to the first and in the same 
plane, except in the case of large-diameter vessels or separators. 

When two or more fittings, producing a change in direction of 
fluid flow, are adjacent to each other, and in the same plane pre- 
ceding the straight pipe ahead of the primary element, somewhat 
longer runs of straight pipe are required on the inlet side of the 
primary element. These are shown in Schedule 2. Note that el- 
bows or tube turns require slightly more straight pipe than long- 
radius bends. In this schedule can be included all expansion 
bends and U-bends, since the directional changes thereby pro- 
duced are in the same plane even though the bend itself may be 
a single fabricated section. 

Schedules 3 and 4 show that considerably longer runs of 
straight pipe are required when two preceding fittings are at right 
angles with each other. When the fittings are separated by at 
least 10 diam of straight pipe, the disturbance created by the first 
fitting is partially eliminated by this pipe before reaching the 
second. Therefore, shorter lengths can be used, as indicated in 
Schedule 3, as compared with the longer lengths required when 


345 


| 
| 
| 
| 
‘ 


IM ILNGA GNV ‘S91ZZ0N MOU ONIdIq | 


T (97 wvigawosi | 


‘S3EGNL IYNLNSA ONY $37ZZ0N | conor Sar 9 


INidlid NOT 2 SBATVA € S3A1VA | 4371N0 NO 

wILIWVIO Oluve S3AIVA $3311 $331! 


09 oO» of 06 08 08 OS OF of Clave 01-09 Olive 09-08 


42 
° 


+4 12 


09 OS O2 OF Oc OF OF CF O2 GO 
TTI 


2 


} 


“= 


BINOILIONOD WIV SINVA aia 
ABH 
sv 


a. 


372ZZON WO 3914180 MOTs WO 1736 


Bdid 


31ZZON MO14 WO 


SM Vivd NO NI 3 ONY HLIM 
S38NL BOS S3AI1VA MO14 ONY S3DIZINO YO4 $317ZZON MO13 ONY 


8 31NQ3HOS 2 31NQ3HIS 9 31NG3HOS S 31NG3HIS 


06 OL OF OF} CE os OS Ov OF O2 OF Of Ot OF OF Ov OF OF 


° 
TT] 
— 


a 


M014 
wO 


= 
< 
Z 
5 
a 


WYK Z INVA 


8. 
a 


24 
2 INVA 
JIZZON MOTs WO 


v 
31ZZ0ON HO 3919180 


° 
° 


3did 


v 
SON 38 SNIOVe “Snuni ‘S793 
yO'SNUNL 98N1 


3did 


MO14 BO 3914180 37220N 3914180 31220N WO 3919180 31Z20N MO14 HO 


“S3NV1d NI SONILILI4 S3NV1d NI 3JNVid SWVS NI INV 1d SWYS NI SONIL1I3 17 
$31Z2Z0N MO14 ONY $312ZZON MO13 ONY $31ZZ0N MO13 ONV $312Z0N MO13 ONY YOS 


31NQ3HIS € 31NG3SHOS 2 37NG3HOS 1 37NG3HOS 


Js | 

od 

JULY, 1945 

| 
NOTE NT rT Nt 

\ HE 

an 
TT 4 

| | 

| 

| +- +- +4 

| 

1 

28 

a3: 

Up lice de vie 88,188 + { 

z 


SPRENKLE—PIPING ARRANGEMENTS FOR FLOWMETER ACCURACY 


the fittings are immediately adjacent, as illustrated in Schedule 4. 

Because of the abrupt change in direction produced by two 
elbows or tube turns at 90 deg to each other, compared with the 
more gradual change caused by two long-radius bends, considera- 
bly more straight pipe is required on the inlet side for elbows and 
This is true whether 
bends, or 


tube turns than for long-radius bends. 
there pipe turns or 
whether they are immediately adjacent to each other. 

Research so far has been entirely confined to turns or bends in 
Until such time as 
additional data are forthcoming, we recommend that the piping 
requirements of Schedules 3 and 4 be followed, when the bends 
are not in the same plane. 

Attention should be called in Schedule 5 to the fact that the 
lengths shown apply only to the lengths of the increased- or de- 
creased-diameter pipe and not to their required over-all lengths of 
straight pipe. Such over-all or total lengths depend entirely 
on the nature of the fittings, valves, ete., which precede. For 
example, in the case of expanding an S-in. pipe to 10 in., a 75 per 
cent diameter ratio orifice located in the 10-in. line would require 
14 diam of 10-in. pipe, as shown in Schedule 5. If, however, two 
adjacent long-radius bends of 8-in. pipe, at right angles to each 
other, precede the expanded section, the total length of straight 
S-in. and 10-in. pipe would be determined from Schedule 4, which 
in this case would be 26 diam. Thus there would be required a 
total of 14 diam of 10-in. pipe, plus a sufficient length of 8-in. 
pipe to make up an equivalent total length of 26 diam of 10-in. 
pipe. 

When air is being measured in an atmospheric intake, the ori- 
fice or flow-nozzle installation should be made as indicated in 
Schedule 6. To avoid undue fluctuation of the meter or manome- 
ter, straightening vanes should be installed as indicated, al- 
though if a tubular air conditioner is used at the atmospheric 
inlet, a straightening vane may not be required. To avoid ex- 
cessive entrance losses, it is also best to provide a bellmouthed 
inlet. 

Regulators and reducing valves, illustrated in Schedule 7, re- 
quire more straight pipe between them and the primary element 
thin any other type of valve of which we have knowledge; in 
fact the preferable location for any regulating valve is 6 or more 
diameters following the primary element, rather than preceding it. 
In this connection, also, other fittings cannot immediately precede 
a wide-open gate valve if only the short length A is available 
between the gate valve and the primary element. 

(b) Venturt Tubes. As indicated, the data on Venturi-tube 
piping requirements, as shown in Schedule 8, was obtained en- 
tirely from Prof. W. 8S. Pardoe’s papers (8}. His last paper sup- 
plied figures? which were cross-plotted on the basis of diameter ra- 
tio versus the lengths of pipe required to eliminate all disturb- 
ances created by fittings preceding the straight pipe. Since the 
piping arrangements used by Professor Pardoe were not exactly 
the same as indicated in Schedules 1 to 7, they are shown sepa- 
rately in Schedule 8, together with the lengths of straight pipe 
required for each. 

c) Pitot Tubes. While no specific research and very little 
actual field experience have come to the author’s attention cover- 
ing piping requirements for Pitot tubes, it is reasonable to as- 
sume, until proved to the contrary, that piping requirements for 
this type of primary element should be at least as stringent as for 
orifices and flow nozzles. In fact there is some field evidence to 
indicate even longer runs of straight pipe are desirable on the 
inlet side, unless traverses are run to determine the point of av- 
erage velocity, ete. More research and field experience are ob- 
viously needed to clarify this point. 


* Reference (8) Trans. A.S.M.E., vol. 65, 1943, pp. 337-349. 


is straight between these 


ihe same plane, and at 90 deg'to each other. 


STRAIGHTENING VANES 

While straightening vanes are shown as alternative arrange- 
ments in each schedule, permitting shorter lengths of straight pipe 
on the inlet side, they should not always be considered as en- 
tirely equal to the longer runs of straight pipe in reducing flow 
turbulence. Especially is it desirable to limit their use to mod- 
erate line velocities, pressures, and temperatures, since applica- 
tion to high-pressure and high-temperature service involves spe- 
cial designs and materials to provide a safe installation. The pref- 
erable arrangement, no matter what the operating conditions 
may be, is to provide whenever possible the lengths of straight 
pipe specified in the schedules described, without resorting to the 
use of straightening vanes. 

The recommended general design of straightening vanes is 
shown in Fig. 2. On cross section it resembles an “egg crate,” 
with the spacings between plates not more than from '/; to !/, 
the inside pipe diameter. In measuring air in the atmospheric 
intake, as shown in Schedule 6, this spacing should be 11/2 in. 
to 2 in., regardless of pipe size. 
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PIPING ON OUTLET SIDE oF ORIFICES AND FLow NozzLes 


From 2 to 4 diam of straight pipe are normally sufficient on the 
outlet side, as shown in Schedules 1 to 7, assuming a fitting, bend, 
or wide-open gate valve follows these 2 or 4 diam. Should a con- 
trol valve, regulator, stop check valve, or partly throttled gate 
valve closely follow the primary element, then at least 5 and 
preferably 6 diam should follow the orifice or the nozzle. 

From the table in Fig. 1, it will be noted certain fittings can 
replace the straight pipe on the outlet side. While this list in- 
cludes the use of seven different fittings up to a 50 per cent diam 
ratio, only wide-open gate valves and long-radius bends can im- 
mediately follow the orifice or nozzle at ratios in excess of 70 per 
cent. Incidentally, however, due to lack of physical clearances, it 
is impossible to install flow nozzles at the inlet to gate valves un- 
less the face-to-face dimension is at least 18in. In any case, it 
should be remembered that the preferable arrangement is the use 
of straight pipe immediately following the primary element. 


THERMOMETER WELLS, NIPPLEs, Erc. 


All thermometer wells, bulbs and sockets, thermocouples, re- 
sistance elements, etc., must be located at least 6 diam follow- 
ing the orifice or nozzle on the outlet side, or not less than 15 
diam preceding it on the inlet side. The preferable location is 
on the outlet side. 

When thermocouples are embedded in the pipe wall in such a 
way as not to protrude into the pipe area, they may be located 
wherever desired. 


GENERAL 


Attention is called again to the fact that the lengths of pipe 
indicated in Schedules 1 to 8 are the minimum required in each 
case, and not the maximum. For best accuracy in metering, it is 
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350 TRANSACTIONS OF THE A.S.M.E. 


always desirable to provide the longest lengths of pipe possible, 
especially when the complete piping system on the inlet side in- 
cludes a number of bends or fittings in different planes. It must 
be remembered that it is impossible, from a metering standpoint, 
to provide too much straight pipe. 


TYPICAL PIPING ARRANGEMENTS 


Experience has indicated that the ‘Piping Requirement Stand- 
ards,”’ as shown in Schedules 1 to 7, are not sufficiently complete 
and precise in themselves to enable one always to choose the cor- 
rect location of an orifice or a flow nozzle in any particular piping 
layout. Further clarification or interpretation thus appears de- 
sirable in order to translate these standards into typical cases. 
To this end the author believes the diagrammatic sketches shown 
in Figs. 3, 4, and 5 will be helpful, particularly if the meter en- 
gineer is given the opportunity of assisting in laying out the pip- 
ing before it is purchased and erected. 

A few pertinent comments regarding some of these arrange- 
ments may be of assistance in understanding their application 
fully. 

From arrangements Nos. | and 2, Fig. 3, it will be noted that a 
long-radius bend can itself be considered as so much developed 
straight pipe under Schedule 1, only if it is preceded by at least 
10 diam of straight pipe. It cannot be so considered if it is pre- 
ceded within a short distance by any fitting or valve or by another 
long-radius bend. Also note that in arrangement No. 1, an ori- 
fice or nozzle of a diameter ratio of 75 per cent or less can be 
placed at the outlet of a long-radius bend. 

Arrangements Nos. 5 to 12, inclusive, emphasize the necessity 
of having long lengths of straight pipe when there are multiple- 
entrance flows or when the flow divides into one or more streams 
ahead of the primary element. Multiple-entrance flows in par- 
ticular are quite apt to produce swirls or disturbances which are 
particularly difficult to eliminate. In a few instances, it has been 
found necessary to use a combination of these long lengths to- 
gether with straightening vanes to obtain entirely satisfactory 
metering conditions. 

Nos. 14, 15, and 16 illustrate the fact that with at least 6 diam 
of straight pipe between two long-radius bends, elbows, or tube 
turns in the same plane, the required lengths of straight pipe 
following the last fitting need be only that corresponding to Sched- 
ule 1. On the other hand, if the second fitting immediately or 
very closely (less than 6 diam) follows the first fitting, then Sched- 
ule 2 applies, as shown iz arrangement No. 13. 

The isometric views in Fig. 4 depict a few typical arrangements 
where the component bends are not in the same plane. All of 
these require lengths of pipe corresponding to Schedule 3 or 4, 
depending upon whether there is sufficient straight pipe between 
the preceding bends or not. 

A number of typical boiler outlets are shown in Fig. 5, both 
coming directly off the boiler drum, and starting with the super- 
heater outlet. 

Since these boiler leads usually are rather short in length, it is 
necessary to start the study of the piping layout at the drum or 
superheater outlet. This is particularly true of those cases where 
the steam-flow orifice or nozzle must be located in the outlet from 
the boiler drum, as shown in Nos. 26 to 31, inclusive. 

Note that in all cases when bends or turns closely follow the 
angle stop check valve, as in Nos. 28, 29, and 30, this valve is 
considered as having the same effect as an elbow, thus requiring 
the lengths of straight pipe as called for under Schedules 2, 3, or 4, 
as the case may be; whereas when straight pipe immediately 
follows the valve as in No. 27, and when the orifice or nozzle can 
be located in this straight pipe, the requirements of Schedule 7 
for stop check valves apply. 


JULY, 1945 


When the angle stop check valve follows the superheater oui- 
let in a plane at right angles to the outlet, the requirements of 
Schedule 4 apply, regardless of the fact that the orifice or nozzle 
can be located in the straight pipe immediately following the stop- 
check valve. This is shown in arrangement No. 34, as contrasted 
with No. 27 in which Schedule 7 applies, because the angle check 
valve is not preceded by a bend or elbow, but by the boiler drum. 


CONCLUSION 


Of course it must be realized that the Piping Requiremer: 
Standards, Schedules 1 to 8, supplemented by the typical a: 
rangements shown in Figs. 3, 4, and 5, cannot possibly cover ever 
conceivable installation. We trust, however, they will illustrate 
the principles involved with sufficient clarity and completeness, 
and that, with the exercise of a little imagination and common 
sense, the engineer can project any specific case into one or the 
other of these schedules or diagrammatic arrangements wit! 
reasonable assurance of obtaining a satisfactory meter instsalls- 
tion. 
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Appendix 


DETERMINATION OF DIAMETER Ratio 


Since all piping-requirement schedules, as well as all other cou- 
siderations of fluid-flow problems, involve the use of diameter r- 
tio B, it is necessary that the prospective user be able to determin: 
what the approximate ratio will be for any particular case. 

Diameter ratio B is the ratio of the diameter of the orifice, flo. 
nozzle, or Venturi-tube throat d, to the internal pipe diameter /), 


d 
or D’ and is an approximate function of capacity factor BE. Thi 


factor in turn depends on the desired flow capacity, pressure 
temperature, specific gravity, meter differential head, and pipe 
size, which factors are expressed by flow Equations [1] and [2) «= 
follows 

For steam 

Ww 


E= 


vol. 


For air, gases, and liquids 
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in which 


E = capacity factor 
W = weight of flowing fluid, lb per hr 
differential head of meter in inches of water at 68 F 
= the density of the flowing fluid, lb per cu ft 
D = internal pipe diameter, in. 
Sp. vol. = specific volume of steam 


The approximate relation between ‘‘diameter ratio”? and ‘‘ca- 
pacity factor Z£,”’ for vena-contracta pressure connections, is shown 
in the right-hand logarithmic curve included as a part of Figs. 
6, 7, and 8. Note that, for a given diameter ratio, the value of 
capacity factor EZ is considerably greater for a flow nozzle than 
for an orifice. Conversely, for any given value of capacity factor 
E, the diameter ratio B of a flow nozzle is lower than that of an 
orifice. This means that for the same capacity, pipe size, and all 
other conditions, the flow nozzle requires shorter lengths of 
straight pipe preceding, because of its smaller diameter ratio, or 
again it may permit the use of either a smaller-size pipe, smaller 
differential-head meter, or of the measuring of a higher maximum 
flow. 

On the other hand, the thin-plate orifice is considerably cheaper, 
especially in the larger sizes, is easier to replace with another 
plate in the event of a capacity or other change, and its accuracy 
is of the highest order because of its thorough investigation by 
many experimenters. The orifice should be used, therefore, 
whenever and wherever possible. 


User oF DIAMETER-RaATIO DIAGRAMS 


While the capacity factor EZ can be calculated by either Equa- 
tions [1] or [2], and the corresponding approximate diameter 


d 
ratio — of either the orifice, flow nozzle, or Venturi tube can be 


D 
obtained from the right-hand section of Figs. 6, 7, and 8, it is usu- 
ally more convenient and quicker to use the complete nomogram 
diagrams included with these figures. It should be understood, 
however, that these equations or diagrams should not be used for 
final design of any orifice, flow nozzle, or Venturi tube, but for 
estimates of approximate sizes only. 

While each diagram is complete with examples illustrating its 
use, the following supplemental information may be found 
helpful. 

Pressures intermediate to those shown on the curves at the 
left of the V-scale in Fig. 6 can be plotted linearly between adja- 
cent curves. Or, if preferred, the specific volume for any pressure 
and temperature condition can be obtained from steam tables,‘ 
from which these curves were derived, and spotted on the V-scale 
for use in solving the particular problem. 

The curve showing densities of water was taken from an 
A.S.M.E. research report, and the curve showing petroleum-oil 
densities was plotted from data published by the Kansas City 
Laboratory.* 

The lines of specific gravity for variation in temperature, shown 
at the bottom of the density curves, were taken from the same 
publication’ and are reproduced herewith with the publisher’s 
permission. 

The extension of the density line from 62.37 to 80 lb per cu ft 
allows the use of the nomogram for oils and liquids having specific 
gravities greater than 1. 

In solving any air- or gas-flow problem, first determine the 


4“Steam Tables,” by J. H. Keenan and F. G. Keyes, A.S.M.E., 
New York, N. Y., 1930. 

5 A.S.M.E. Research Report on Fluid Meters, part 1, 1937, Fig. 59. 

* Handbook of Petroleum Asphalt and Natural Gas, Bulletin 
No. 25, 1928 revision, Kansas City Laboratory. 

1 Ibid., Fig. 137. 


TRANSACTIONS OF THE A.S.M.E. 


JULY, 1945 


density from the nomogram, Fig. 9. Note that in applying the 
pressure component in this figure, only the absolute pressure 
scale P is used in determining the density of dry gas. However, 
when fully saturated gas is being metered, it is necessary to use 
the temperature-versus-gage-pressure curves to the right of the 
absolute-pressure scale P, disregarding the numerical values on 
the absolute-pressure scale itself. Linear interpolation between 
adjacent pressure curves is satisfactory for intermediate-pressure 
values. 

The W or flow seale in Fig. 8 is based on a specific gravity of 
1.00. It is necessary therefore to multiply the desired capacity 
in cubic feet per hour by the specific gravity of the gas and apply 
the resulting figure to the W scale in using this nomogram. 

It must also be understood that this diagram can be used only 
when the air or gas volume W’ is referred to standard conditions 
of 30 Hg and 60 F. 

Note that the temperature-versus-pressure curves to the right 
of the P7' scale in Fig. 8 are used only with saturated gas and 
that the value of 1.00 on the PT scale is the only one used with 
dry gas or air. 

In the event the gas is partially saturated, proportional inter- 
pretation between dry gas and 100 per cent saturated-gas ca- 
pacity factor Z is sufficient. For example, if in example 1, Fig 
8, the gas were 50 per cent saturated, first proceed exactly as 
shown in example 1. Then determine the capacity factor E as if 


the gas were dry, as in example 2. The correct capacity factor 


138 + 128 
2 or 133. 


E for 50 per cent saturated gas would then be 


DiaMETER-Ratio Limits 


It will be noted that the curve for orifices stops at a maximum 
diameter ratio of 85 per cent. In like fashion the flow-nozzle 
curve stops at 81 per cent, and the Venturi curve at 75 per cent. 
Due both to the lack of complete and reliable coefficient data for 
ratios higher than these and to the much increased sensitivity 
of primary elements to preceding piping arrangements, higher ra- 
tios than these limits are not recommended. 


SELECTING THE METER DIFFERENTIAL 


In solving the nomograms or Equations [1], [2], it is necessary 
first to determine the differential head hy of the meter, required 
to handle that particular flow problem. 

The standard differentials for which Bailey meters for ste:in 
and water are built are 13'/,in., 53 in., 120 in., 212 in., and 331 in 
of 68 F H,O. These are shown in larger type on the hy scales 
in Figs.6 and 7. The differentials most commonly used are 53 in. 
and 120 in. The selection in most cases should thus tentatively 
start with the 53-in. differential. 

Similarly the standard differentials for Bailey gas and air me- 
ters are 2 in., 4 in., 6 in., 8 in., 14.3 in., 57.2 in., and 129.6 in. of 
68 F water, as shown in Fig. 8. The differentials used com- 
monly are 2 in., 4in., and 8 in. 

If, in the case of a 53-in. differential steam or water meter, the 
orifice ratio exceeds 85 per cent but the flow-nozzle ratio is less 
than 81 per cent, then the engineer has the option either of using 
the flow nozzle or of increasing the meter differential to 120 in. 
and using an orifice. If both orifice and flow nozzle exceed their 
maximum diameter-ratio limits, then it will be necessary to use 
either a 120-in. meter with a flow nozzle, if this combination 
gives a diameter ratio of 81 per cent or less, or an even higher head 
meter such as a 212 in. or 331 in. if required. 

In this connection, it is important to point out that the net 
unrecovered pressure loss due to metering increases both with an 
increase in differential head, and with a decrease in diameter ra- 
tio. Such losses can be determined for orifices and flow nozzles 
from the L scale on the extreme right-hand side of Figs. 6, 7, and 
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SPRENKLE—PIPING ARRANGEMENTS FOR FLOWMETER ACCURACY 


8. For example, if a 212-in-head meter were selected instead of a 
53 in., in the example given in Fig. 7, the resulting orifice diame- 
ter ratio would have been approximately 62 per cent. By pro- 
jecting horizontally to the right on the L scale, the net unrecov- 
ered pressure loss at maximum capacity would be 60 X 212 or 
127.2 in. H,O or 4.6 lb. 

While the diameter ratio of the orifice using the 53-in. head 
meter is approximately 80.5 per cent, the net unrecovered loss is 
considerably less, since it would be 39.2 * 53 or 20.8 in. H,O or 
+/, lb. If the 4.6 lb were not. prohibitive and if the piping layout 
were such as not to allow the use of a higher diameter ratio than 
62 per,cent, then the 212-in. meter could be used. Should it be 
desirable to limit the loss to not more than 3/, to 1 lb and if the 
piping layout permitted the use of an 80.5 per cent ratio orifice 
(or a 68 per cent ratio flow nozzle), then the 53-in. meter should 
be used. 

When there is a choice between two different head meters or 
between an orifice or a flow nozzle, the ultimate decision in most 
cases will depend upon the cost involved. In general, the higher 
the meter differential the higher is the cost. Similarly, flow noz- 
zles are more expensive than thin-plate orifices. Naturally, 
therefore, the lower-differential-head meters and thin-plate orifices 
are chosen whenever possible. 

When they are inadequate to handle the specific problem at 
hand, then it is a question of determining which combination of 
higher head meter, with an orifice or with a flow nozzle, will cost 
the least and still meet all requirements for a satisfactory instal- 
lation. 


Discussion 


S. R. Berrcer.2 This paper presents the first discussion of a 
problem which has been bothering many measurement engineers 
for a long time and which has not been covered in previous work 
of this sort, that is, the effect of two upstream disturbances. 
It is apparent on studying the effect of disturbances on meters 
that, if the disturbances are some distance apart, they will have 
a different effect than if they are close together. It has been diffi- 
cult to get data on the effect of multiple disturbances because of 
the extremely large number of possible arrangements of these 
disturbances. This paper represents a start in this direction, 
and the data that are presented will enable the measurement en- 
yineer to determine whether or not it will be possible to make 
accurate measurements for piping ¢onditions where previous 
knowledge would indicate that these measurements could not be 
made, 

Attention might be directed to matters such as (a) a definition 
of the condition which has been called ‘‘normally turbulent state 
of flow;” and (b) the effect of straightening vanes. In some 
cases the flow in a pipe line may be quite different from others, 
owing to the effect of pipe roughness and of piping conditions 
in the line to the meter so that the boundary layer may be con- 
siderably thicker for one condition than it is for another. The 
thickness of this layer undoubtedly has considerable effect on 
the measurement. 

Straightening vanes, if improperly installed, or installed after 
improper fittings are applied, may increase rather than decrease 
the length of straight pipe required. It can readily be seen that, 
if the flow is such that there is a high velocity on one side of the 
pipe parallel to its axis, the effect on the straightening vanes will 
be to cause this irregular flow to continue on down the pipe line, 

§ Professor of Hydraulic Engineering, Ohio State University, Co- 
umbus, Ohio. Mei. A.S.M.E. 
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Because of this fact, straightening vanes are at times a hindrance 
rather than a help in getting better measurement conditions, and 
considerable judgment is required in deciding whether or not they 
should be installed. 

The nomographic charts which are a part of this paper are cer- 
tainly an aid in computing measurement problems and their pub- 
lication should be of great interest to the industry. 


W. A. Cartrer.* The author is to be commended for his 
thorough treatment of the subject, and it is recommended that it 
be printed in pamphlet form in order that it may be put in the 
hands of piping designers. Such a guide has been needed for a 
long time in order to avoid the installation of piping systems that 
are ill-suited to the accurate measurement of fluid flow. 

The writer would ask: Are the recommended lengths of straight 
pipe ahead of orifice plates, flow nozzles, and Venturi tubes 
dependent upon the Reynolds number of the fluid stream? 


W. S. Parpor.” 
to layout engineers. 

In his Schedule 8, the author gives in part some deductions 
from the work of the writer. He did not include the results shown 
in Figs. 13 and 14, being the effect of two elbows in planes at right 
angles with and without cross-straightening vanes. 

At no point does the author give any values of errors involved 
if the flowmeter is set with less than the prescribed length of 
straight pipe ahead of it. Figs. 10 to 14, inclusive, of this dis- 
cussion give such values for Venturi meters of the Herschel type. 
They should be reasonably correct for all flow nozzles with throat 
taps. Note that the cross-straightening vane used in Fig. 14 is 
quite effective when compared with Fig. 13. 

Fig. 15, herewith, shows the effect of vortex flow at various 
angles on the coefficient of a 2-in. X 1-in. special Venturi meter. 
The setup is shown in Fig. 16. 

In Fig. 16, a single straightening vane 2 in. X '/s in. X 12 in. 
long removed the vortex and brought the coefficient back to 
normal for all angles of whirl. Also a vane 2 in. X !/sin. * 3 in. 
long was not entirely effective. 

Fig. 17 shows in a dotted line the effect of a partially opened 
gate valve 2 in. ahead of the Venturi meter. If the distance is 
increased to 12 in. (6 diam), there is no effect on the coefficient. 
This is as might be expected for a Venturi ratio 8 = 0.5. 

Fig. 18 shows that a gate valve may be placed immediately 
after an 8-in. X 5-in. Venturi meter (a large ratio 8) without 
in the least affecting the coefficient. The full line shows the 
normal coefficient, and the points the various openings of the 8-in. 
valve. 

In Fig. 19 is shown the coefficient of the 2-in. X 1-in. Venturi 
meter for various angles of whirl plotted from Fig. 15. The co- 
efficient falls as the angle decreases. Also in this figure is shown 
a similar curve for a 2-in. X 1-in. orifice. Note that the co- 
efficient rises, becomes normal at 45 deg, and then falls off as 
does that of the Venturi meter. This is probably due to the 
centrifugal force enlarging the vena contracta thus getting a 
greater flow although a lower axial velocity. 

Fig. 20 is a test of the Bailey Meter Company and University 
of Pennsylvania straightening vanes. They are both equally 
effective in destroying the 50-deg vortex and returning the co- 
efficient of the Venturi meter to normal. It would appear that 
the latter is the simpler construction. 


This paper should prove to be of great use 


® Technical Engineer of Power Plants, The Detroit Edison Com- 
pany, Detroit 26, Mich. Mem. A.S.M.E. 

” Professor, Department of Civil Engineering, University of Penn- 
sylvania, Philadelphia, Pa. 
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R. J. 8. Picorr."'| When the purchaser of a meter buys a 
Venturi tube, nozzle, or disk orifice, plus a recording secondary 
instrument of some kind, he is not in any case buying the entire 
meter but only the primary and secondary elements. He pro- 
vides the rest of the meter in the piping when he installs it. It 
cannot be said too often or too emphatically that the accuracy 
of the meter will be influenced considerably by the character of 
the piping with which it is associated. It is quite obvious that, 
although a very considerable amount of money has been spent 
both by organizations like our own and by individual users and 
manufacturers, our knowledge of the effect of piping additions 
is as yet incomplete, and we must work as well as we can with the 
material that is available. We have advanced a considerable 
distance in the last 30 years. In the early days after the in- 
troduction of orifice meters as a commercial business in this 
country, there were many cases where an orifice or a nozzle might 
be placed on the side outlet of a tee. We now know better. 

Perhaps it should be said that the approach to the meter should 
be normal in turbulence and not in any way distorted. Actually 
there is no change in average turbulence in the approach to a 
meter with any of the piping systems described. What does 
happen, however, is that the local turbulences which vary across 
the section of pipe change their value and their position. Per- 
haps another way of putting it would be to say that the approach 
to the meter should have, as nearly as possible, the normal 
velocity traverse of flow in a straight pipe. 

With regard to straightening vanes these have been useful 
in the majority of cases as an aid to producing normal flow ahead 
of the meter primary element. Basically their major purpose 
is to eliminate rotational effects or helical swirls, and theoreti- 
cally at least they would have little effect in eliminating a dis- 
torted velocity traverse such as occurs directly after an elbow. 
However, any resistance does tend to average out even this type 
of distortion, and all of the straightening vanes have some fric- 
tion resistance which is higher than that of the pipe in which they 
are placed. We have found in particular cases that one of the 
best devices for suppressing distortion is an eccentric disk orifice 
placed at the outlet of an elbow causing the disturbance. Ob- 
viously, the use of such a device is specific and not general, since 
offhand the amount of eccentricity required to render the flow 
symmetrical again cannot be predicted beforehand. 

The author’s work is a summation of practically all the re- 
liable information we have on the subject, collected from a very 
wide range of sources. While it is not in the form of a report 
from the Fluid Meters Committee, it is without doubt the best 
material available at this time and carries with it the authority 
of this committee. In time this material will be, without doubt, 
incorporated in the reports of the committee. 


AvUTHOR’s CLOSURE 
The author deeply appreciates the valuable contributions 


11 Chief Engineer, Gulf Research and Development Company, 
Pittsburgh, Pa. Fellow A.S.M.E. 
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made to this paper in the several discussions offered. Both 
Professor Beitler and Mr. Pigott emphasize the need of having 
more data on piping arrangements; a thought which is entirely 
in accord with that expressed by the author in his introductory 
remarks. Manifestly, the data in this paper are but the be- 
ginning of a compilation which must be greatly expanded before 
the needs of industry as a whole can be satisfied. For this 
reason the author is particularly grateful to Professor Pardoe for 
the additional data on Venturis with particular regard to the use 
of partially opened gate valves both preceding and following 
the Venturi. It is sincerely hoped that much additional data of 
a similar nature will be forthcoming in the near future. 

Professor Beitler is correct in his statement that straightening 
vanes may under certain conditions be more of a hindrance than 
a help, particularly where the velocity traverse in the pipe shows 
distorted flow on one side of the pipe as compared with the other. 
The most effective use of straightening vanes is to eliminate 
helical flows or whirls which are caused by combinations of bens 
or turns preceding the primary element. 

It is believed that the second paragraph and, in particular, the 
last sentence thereof of Mr. Pigott’s discussion, quite aptly 
answers the request of Professor Beitler for a better definition of 
normally turbulent flow. 

In answer to Mr. Carter’s question of the possible effect of 
Reynolds numbers on the recommended length of straight pipe, 
the author ean only say that all the explorations which have come 
to his attention have been made within a rather narrow band of 
relatively high Reynolds numbers. There was no appreciable 
change in the lengths of piping required within this range. As to 
what might happen at ranges beyond this band—as, for example, 
within the viscous-flow range —the author would hesitate to pre- 
dict with any degree of certainty. 

Professor Pardoe points out that no errors were given which 
result when the prescribed lengths of straight pipe were not used. 
Such errors varied with the type and size of primary element 
used, and with the piping arrangement. To have shown such 
variations in detail would have required a separate graph of every 
diameter ratio size and type of primary element, and for ever) 
piping arrangement specified. Quite obviously, this would have 
involved the inclusion of far too great a quantity of data in this 
particular paper. The author would be glad to discuss quanti- 
tative errors found for shorter than recommended lengths of 
piping for any specific case in mind, within the limit of the avail- 
able experimental data, if such inquiry is directed to him. 

The type of straightening vane shown in Fig. 2 is essenti:ully 
the form prescribed in the A.S.M.E.-A.G.A. 1935 Report and 
which has been found quite satisfactory through a number of 
years’ service. Obviously, Professor Pardoe’s cross type of vane 
is simpler, and if it were demonstrated to be as efficient for all 
types of fluids and with all types of primary elements as it is with 
water and with Venturis, it would be the type to use. More 
study should be made of this particular type of straightening 
vane before changing the recommendations now in force. 
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Water-Hammer Analysis by the Laplace- 
Mellin Transformation 


By G. R. RICH, KNOXVILLE, TENN. 


The author supplements.the pioneer work of Prof. F. M. 
Wood in applying operational methods to the study of 
water-hammer phenomena. The Heaviside calculus is re- 
placed by the Laplace-Mellin transformation together with 
the elementary theory of functions of a complex variable. 
This substitution facilitates interpretation of a much 
wider range of operators, is believed to be better adapted 
to problems starting from a steady-state system in mo- 
tion, and permits working directly with total pressurés 
and velocities instead of surge pressures and velocities. 
This third feature operates to eliminate ambiguity con- 
cerning reflection coefficients at junction points in 
branched-conduit problems. When the effect of friction 
is not included, results are given in the form of simple 
trigonometric series of rapid convergence. When the 
abscissas of the two terminal sections of the conduit are 
inserted in these formulas, the resulting expressions are, 
in many cases, Fourier representations in the time variable 
of well-known periodic step or saw-tooth functions. In 
such instances, almost no computation work is required; 
it is unnecessary to sum the series, as the value of the sum- 
mation may be taken at a single reading from a graph of 
the function, one plot of such a function serving for all 
particular cases within its domain. In cases where the ef- 
fect of friction is included, a standard table of Besse! func- 
tions, used in conjunction with the formulas developed, 
affords easy and comparatively rapid solution. 


INTRODUCTION 


HE role of operational methods in water-hammer analysis? 
has been ably defined by Professor Wood, to whom the 
author is indebted not only for the general features of the 
application, but also for the basic hydraulic principles of repre- 
senting conduit friction by an equivalent linear law with respect 
to the velocity, and of prescribing the conduit discharge velocity 
rather than the gate motion as one of the given boundary condi- 
tions. Both of these deviations from conventional practice re- 
sult from the inability of either operational method to solve any 
but linear differential equations. At first thought, the second 
of these two limitations appears to impose a serious penalty on 
the operational approach; but on the basis of the examples given, 
the author is inclined to regard specification of the efflux velocity 
as a more rational and flexible basis for over-all design. 
Because of space limitations and the current availability of 
several outstanding books*-*-5.* written particularly for engineers, 


sain Design Engineer, Tennessee Valley Authority. Mem. 
A.S.M.E. 

?“The Application of Heaviside’s Operational Calculus to the 
Solution of Problems in Water Hammer,” by F. M. Wood, Trans. 
A.S.M.E., vol. 59, 1937, pp. 707-713. 

?“Operational Methods in Applied Mathematics,” by H. S. 
ae and J. C. Jaeger, Oxford University Press, New York, N. Y., 

941, 

Contributed by the Hydraulic Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944, of THe 
AMERICAN SociETY OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 
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the purely mathematical manipulation will be given in skeleton 
form, and references will be made to these texts. The first book 
will be designated in the notes simply as Carslaw? and the second 
as McLachlan.‘ However, in using these works in combina- 
tion, a word of caution is necessary. Carslaw states the basic 


theorem as follows 
z(p) = tz (t) dt 
0 


If 
e™ = (x) dd 


R (p) > 0 
(Carslaw p. 71) 


then 


z(t) =-— 


y—io 


McLachlan’s statement of the same theorem is as follows 


If ¢ (p) = rf f(t) dt 
0 


then 


R(p)>0 
(McLachlan p. 116) 


2t 
$ (2) dz 


This means that all the operators, z (p), tabulated in Carslaw will 
be less than the corresponding operators tabulated in McLachlan 
by a factor p. McLachlan’s reason for adopting the second form 
is that it makes the Heaviside unit function equal to the value 1, 
as compared with 1/p for the first form. The operators tabu- 
lated in Doetsch and in Churchill are in the same form as those 
given in Carslaw. In this article the Carslaw notation and 
statement of the inversion theorem will be employed. The 
section on impulse functions given in McLachlan is particularly 
valuable, but in applying the impulse charts to the Carslaw form, 
particular care is necessary to avoid confusion regarding this 
factor p. McLachlan’s treatment of the practical method of 
determining residues also is excellent, while Churchill gives an 
exceptionally clear treatment of the basic theorv. 


NOTATION 


The derivation of the basic differential equations is given in 
admirable form by Professor Wood and will not be repeated. 
The same notation will be retained in this paper, with the ex- 
ception that no relation whatever is postulated between p and 


the operator rt p is considered simply as an inversion parameter 


in the basic Laplace- Mellin theorem. 

*“Complex Variable and Operational Calculus,” by N. W. Me- 
Lachlan, Cambridge University Press, The Macmillan Company, 
New York, N. Y., 1939. 

6 “*Modern Operational Mathematics in Engineering,” by Ruel V. 
Churchill, McGraw-Hill Book Company, Inc., New York, N. Y., 
1944. 

“Theorie und Andwendung der Laplace Transformation,” by 
Gustav Doetsch, Dover Publications, New York, N. Y., 1943 (for- 
merly published by Julius Springer, Berlin, 1937). 
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= diameter of pipe, ft 
length of pipe, ft 
area of pipe, sq ft 
total pressure (surge plus steady state), psf 

= total velocity (surge plus steady state), fps; positive in 
positive direction of x 
distance of section along axis of pipe, ft; measured from 
origin at. reservoir 

= volume modulus of compression of water, ft units 
thickness of pipe walls, ft 
modulus of elasticity of pipe wall, ft units 
friction coefficjent 
weight of unit volume of water, lb per cu ft 
acceleration of gravity, ft per sec per sec 
friction factor of linear approximation to friction 
sure 


pres- 


4 D 
K 
inversion parameter 
time variable, sec 
complex variable in Bromwich-Mellin complex inversion 
integral (Carslaw p. 71) 

1 

= wave velocity, fps 


Laplace transform of V = a”! Vadt 


Laplace transform of P = e?* Pdt 


0 


denotes integration along second alternative Bromwich 
contour. This path consists of a straight line from 
—it~» to +7 (displaced a sufficient distance y to the 
right of the axis of imaginaries to include all singularities 
of the integrand) and a circle of infinite radius centered 
at the origin to complete the contour. The only singu- 
larities of the integrands occurring in this paper are 
poles; there are no branch points. Consequently, 
integration along Brz is equal to 2x7 times the summa- 
tion of residues at the poles. 

friction-pressure-loss coefficient per unit length of pipe 
and per unit cross section of water area in pipe. This 
factor is to be applied to the first power of the velocity 
and is proportioned to give the best approximation to 
the conventional loss of 


»y means of the assumption 


2fw 
— kV 


EXAMPLE 1 
The elementary case of the simple conduit, with instantaneous 
gate closure and with friction neglected, is included as an intro- 
duction to the use of the Laplace- Mellin method and the step 
function’ diagram of the Fourier series? to avoid the computa. 
tional labor of summing the infinite series. When the abscissas 


7 “An Introduction to the Theory of Infinite Series,” by T. J. I’a 
Bromwich, The Macmillan Company, New York, N. Y., 1942, p. 357. 

’‘‘Fourier Series and Spherical Harmonics,’ by W. E. Byerly, 
Ginn & Company, 1893. 
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EXAMPLE | 


SIMPLE CONDUIT - FRICTION NEGLE 


% 
= 


H, constant 


CTED-INSTANTANEOUS GATE CLOSURE 


a’P 
a 
ax 


=-pt 
by e and 


[erat 


ntearat 


at: 


e fron 


a (aP 


wav 
ot 


-pt 
Multiply tnrougn by e and integrate from 


- 2 f dt 


e toa w 


» 
= 
Jer A» 


x 
AY 
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= L (at gate 


yz 4 (cn sin 3041 50 
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Frat 


Reference 


x = Ofor V,andz = 
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angles have the same numerical values as the lower orders, and 
that the only variations are a change in algebraic sign*and divi- 
sion by a progressively larger numerical coefficient. 


EXAMPLE 2 


This case is to be considered as an intermediate step in the 
progressive development of the theory and as an introduction 
to Example 3. It is emphatically not advocated as an optimum 
type of closure but is of interest in studying the effect of various 
modes of extinguishing discharge upon the shape of the water- 
hammer curve. Its salient feature is the method of formulating 
the boundary condition at the gate. The conventional pro- 
cedure, using the graphical or arithmetic integration methods, 
is to specify the gate opening, discharge coefficient, and time 
rate of gate closure, and to calculate V at the outlet as part of the 
water-hammer computation, proportional to V Ho + h, where 
h is the water-hammer head. In this example the efflux velocity 
and its time variation are prescribed. The resultant pressures 
and velocities in the conduit are then determined without refer- 
ence to the gate characteristics. With the head at the outlet 
thus established by the water-hammer calculation and the outlet 
velocity prescribed in advance, the design and rate of opera- 
tion of the gate, pump, or turbine to conform are handled as a 
separate problem. The relation of the head to the discharge, 
whether proportional to WH + hk orsome more suitable relation, 
may then be selected according to the judgment of the valve de- 
signer, preferably on the basis of extensive tests on the particular 
type of outlet mechanism. Discussion of this mode of attack 
will be extended under Example 3. 

In applying the formulas of this example to pumps instead of 
turbines, it is important to remember that the initial steady-state 
velocity is opposite in direction to positive z and should there- 
fore enter the formulas as —Vo instead of +Vo. The same prin- 
ciple is to be applied in Examples 3 and 4. 


EXAMPLE 3 


The hydraulic concept underlying this example is based on an 
earlier article by S. Logan Kerr,® in which attention is directed 
to the possibility of securing any desired shape of water-hammer 
curve by properly varying the efflux velocity. One practical 
mechanical means of accomplishing this result in turbine installa- 
tions is mentioned. 

Example 3 indicates the method of synthesizing nonuniform 
outlet-velocity rates to approach any characteristic shape of 
water-hammer curve that may be desired. For the sake of 
simplicity in explanation of the method, a two-segment rate is 
discussed; but three or more segments or any other suitable con- 
tinuous curve may be substituted if desired. The mode of attack 
is to select trial values of Vo, r, Vg, and 8, and continue the 
trial-and-error process until a satisfactory form of water-hammer 
diagram is obtained. Wg and 8 may be selected so as to lie 
either above or below the dotted line representing uniform rate of 
velocity decrease; the formulas given will be found correct for 
either case. 

With the outlet velocity prescribed in advance, and the pres- 
sure at the outlet established by the water-hammer calculations, 
the valve- or outlet-mechanism design and rate of operation to 
give the prescribed velocity step-curve is segregated as a second 
separate problem in which the designer is afforded complete lati- 
tude to exercise his best judgment regarding the head-discharge 


relation (\/ Hy + h or otherwise) and to use whatever relation 


* ‘New Aspects of Maximum Pressure Rise in Closed Conduits,” 
by 8S. Logan Kerr, Trans. A.S.M.E., vol. 51, 1929, paper HY D-51-3; 
subbeading on ‘‘Ideal Gate Motion,”’ p. 21. 
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Derivation same as Example |} th 
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Expression for afterwaves may de developed by using shift operator 


ff cosine function aft similar to procedure employed in 


best fits the available test data for the particular mechanism 
under study. 


EXAMPLE 4 


The purpose of this example is to indicate how the efflux veloc- 
ity may be specified to vary in conformity with almost any de- 
sired continuous curve. The function selected in this case, 

t 
Vo cos A will be found to give results almost identical with the 
T 
so-called standard Allievi method, in which the rate of decrease 
of gate opening is prescribed and the efflux velocity calculated as 
proportional to V Ho + h. 


EXAMPLE 5 


This example, including the effect of conduit friction, furnishes 
a good illustration of the power and range of the Laplace-Mellin 
transformation. Equations [13] and [14] of Example 5 are 
derived in the standard manner by calculating the residues of the 
integrands in Equations [11] and [12]. Equations [13] and [14] 
are perfectly correct and convergent; but the rate of convergence 
after the first two terms is so slow that results must be obtained 
by averaging terms in blocks of fom n = 0 ton = 100,» = 
100 to n = 500, and so on until the additional terms become 
negligible. 
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An alternative derivation in Bessel functions proceeds directly 
and easily from the basic wave method of attack with a mini- 
mum of labor as compared with the tediousness of expanding the 
radicals by the binomial theorem and then expanding the ex- 
ponentials in power series." In using jointly the tables of 
operators in Churchill and MeLachlan for this problem, atten- 
tion is again called to the fact that all operators in McLachlan 
are greater than those in Churchill by a factor p, owing to a dif- 
ference in statement of the fundamental inversion theorem. 

It is unfortunate that the integral terms are necessary 
Equations [18] and [19]; but when the Bessel-function argu- 
ment is substituted in the corresponding power series, cancella- 
tions reduce the solution to the simplest of elementary integrals. 
Rapid convergence of the power series makes it unnecessary to 
employ more than the first few terms. 

The nonintegral terms are simply picked from a standard table 
of Bessel functions, 

The effects of the direct and reflected waves are easily identi- 
fied, the direct wave contribution being associated with the ex- 
pression (L — x + 2mL) and the reflected wave component with 
(L +2 + 2mL). 

Some explanation of the process intended by {18 | 
and [19] may be necessary, and for convenience let us select the 
section at the gatez = L. The first contribution consists of the 
direct wave alone (identified by L z+ 2mL). The formulas 
permit calculating this component at any time between 0 < ¢ 
2L 21 


so for convenience take Next, the second component 


consists of the direct wave contribution with m = Land (—-1)" = 
minus, and the reflected wave contribution with m = O and 
(—1)™ = plus, so that the final pair of signs for the second com- 
ponent will be (—— and —). The time permitted by the formulas 

9 


2L 
for the second component will be — < ¢ S — for both the direct 
a a 


and reflected wave effects, so we shall use t = Similarly, 

for the third component pair of waves the final signs will be 

(+ and +) with m = 2 direct wave, m = 
6L 


{= —both waves. The total effect at any time ¢is the sum of all 
a 


1 reflected wave, and 


component wave effects up to and including that time. With 
this interpretation it will be found that for F = 0 the equations 
give the same results as Example 1, and for t = 0 the steady- 
state condition prior to closure of the valve. 

Excellent charts summarizing the results obtainable by this 
example are given in Professor Wood’s paper? and will not be re- 
peated here. 

It will be noted that, when the effect of friction is included, 
the pressure is not a maximum at the instant of gate closure but 
increases progressively as the primary wave travels up the con- 
duit. This is, of course, due to the fact that, as the steady-state 
velocity is reduced to zero, the cumulative friction-head loss is 
manifested as a regain at the gate section. This effect tends to 
confirm Professor Wood’s point that the only basis for assuming 


‘© “Operational Circuit Analysis,”” by Vannevar Bush, John Wiley 
and Sons, Inc., 1937, New York, N. Y., chap. 12, pp. 213-263. 

“Tables of Functions With Formulas and Curves,”” by Eugen 
Jahnke and Fritz Emde, B. G. Teubner, Leipzig and Berlin, and 
G. E. Stechert and Co., New York, N. Y., 1938, p. 227. 

“A Treatise on Bessel Functions,’ by Andrew Gray, G. B. 
Mathews, and T. M. Macrobert, Macmillan & Co., Ltd., London, 
Eng., 1931, p. 303, et seq. 

'S“A Treatise on the Theory of Bessel Functions,” by G. N. 
Watson, Cambridge University Press, 1922, new edition in printing, 
The Macmillan Co., New York, N. Y., p. 698. 
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discharge proportional to V Ho + his to compensate for the re- 
vain of friction-head loss. 


EXAMPLE 6 


kixample 6, showing one of the more elementary cases of the 
compound pipe, is included to illustrate the general procedure for 
formulating equations at the junction points for all types of 
compound and branched systems. At such junctions, the total 
combined pressure (steady state plus water hammer) at any 
instant is the same for each of the tributary branches, and the 
algebraic sum of the discharges is zero, flow toward the junction 
point being taken as positive and flow away from the june- 
tion point negative. 

For this particular example, at least, the wave-type solution, 
in which the hyperbolic functions are converted to exponentials, 
appears to require less labor than the alternative trigonometric- 
series solution. The wave solution also gives a clearer picture 
of the physical action, since, as one of its essential features, it 
identifies each component wave and reflection by its own par- 
ticular starting time. 


CONCLUSION 


It is believed that the examples submitted demonstrate that 
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the Laplace-Mellin transformation affords a practical and suf- 
ficiently rapid means of analyzing water-hammer phenomena in 
simple conduits for any desired boundary conditions. By means 
of the shift operator and the proper combination of linear or 
curved segments, the action of any mechanism at the discharge 
end of the conduit may be closely simulated. 

Because of space limitations, only one example of the com- 
pound or branched-system type has been given. However, 
these problems do not differ in principle from the simple conduit 
cases. At the junction points, there is a common total pressure 
and the algebraic sum of the discharges is zero. The Laplace- 
Mellin transformation, dealing directly with total pressure and 
total velocities, expresses this condition simply and directly. 
since there is no need for calculating surge-reflection coefficients. 
The process of setting up the solution for branched-conduit 
problems is no more difficult than for the simple cases; the dif- 
ficulty is due to the sheer weight of the algebraic detail, and much 
of this may be eliminated by inserting the numerical values for 
the particular problem at the early outset and making no at- 
tempt to develop general formulas. 

The simultaneous determination of tank levels and water 
hammer in surge-tank and pipe-line, or tunnel problems, with- 
out major qualifying approximations, can be accomplished only 
by the graphical or the arithmetic integration method. For 
such cases, the author prefers to separate the mass-acceleration 
and the water-hammer elements and to determine the former by 
arithmetic integration. For the section of the tunnel upstream 
from the penstock all the designer usually requires is the value 
of the maximum water hammer, and this can be obtained by an 
obvious elementary calculation. Water-hammer pressures in 
the penstock downstream from the tank are obtained with suf- 
ficient accuracy simply by considering the surge tank as a fixed 
reservoir, neglecting the portion of the pressure wave passing 
up the tunnel, and using simple conduit formulas. If greater 
refinement is desired for research investigations, the system 
may be calculated as a branched group of three elements with 
tank level constant at the initial elevation. Water-hammer pres- 
sures will be a maximum at this time because the water in the 
tank has not yet been accelerated appreciably and, consequently, 
affords the maximum resistance or, conversely, the minimum 
relief to the pipe line and penstock. In short, the author sees 
no practical need for formulating solutions of the combined mass- 
acceleration and water-hammer problem. 

The various supplementary problems appearing in the current 
literature, including the effect of hunting in turbine governors 
or the chattering of valves, may be solved directly by the La- 
place-Mellin method, using a process similar to Example 4. 
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Discussion 


Rk. W. Anaus.'* The writer’s long interest in water-hammer 
problems causes him to welcome any new contribution to the sub- 
ject, particularly when the approach is from a new angle. The 
paper presents a mathematical discussion, which is an addition to 
the arithmetical and graphical solutions available and will help to 
clarify the latter, so that the author is to be commended for his 
paper. 

The writer thinks the paper has been too greatly condensed and 
that some further discussion of the formulas would be helpful. 
He hopes that at a later date the author will also supplement his 
paper by tables or curves which will aid in the solution of the 
equation, 


B. A. BAKHMETEFF.'® The author extends further the pioneer 
suggestions of F. M. Wood? in applying “transform” methods to 
water-hammer phenomena. It could be contended rightfully that 
in the particular cases selected as examples, the previous methods 
lead to simpler and easier solutions. The intent of the paper, 
however, is obviously educational, aiming to illustrate new 
possible approaches. It may so happen, in the course of further 
development, that operational techniques will prove to be 
particularly useful in the more complicated instances, such as 
nonuniform or branched conduits, where the procedures hitherto 
used become cumbersome and unhandy. The verdict regarding 
the practicability of the transform method will be rendered in 
time by the practicing profession. For the present, engineering 
science is indebted to the author for fascinating and provocative 
exploring. 

The specific purpose of the transform technique is to substi- 
tute the regular methods of solving differential equations by 
simpler mathematical operations. It stands to reason, as a 
general principle, that no procedure intended as a substitute, may 
yield more by way of disclosure than the original method which 
it is called upon to replace. Accordingly, the transform method 
cannot dispense with any of the physical or dynamical facts, re- 
quired for setting up boundary conditions in the earlier pro- 
cedures, 

Certain misgivings arise in this connection in regard to the 
pressure-rise chart in Example 2, based on the premise of a linear 
extinction of velocity. For proper perspective, it should proba- 
bly be mentioned that the procedure of prescribing a velocity- 
extinction law instead of a gate-closure rule, as originally done by 
Allievi, is not new. Indeed, it has been common practice among 
engineers overseas since the early days of water hammer. In 
this connection, reference is made to an earlier publication of the 
writer,!® in which linear velocity extinetion was used as the basis 
of the analysis. 

The fact is, that operating with a prescribed law of velocity 
change makes the application of the traditional Joukowsky- 
Allievi theory especially simple. Indeed, the “direct’’ pressure 
wave front simply copies the velocity change law (Vo — V) to 
the scale a/g, which in the author’s case No. 2 would result in a 
straight line OB, Fig. 1, of this discussion. By the same token 
the negative wave, reflected from the open end and reaching the 
wate at ¢ = 2L/a, is represented by O’B’. In the traditional treat- 
ment, the resulting pressure rise, until the time of final closure at 
t = T, was taken to be the difference of the aforesaid direct and 


‘Professor Emeritus of Mechanical Engineering, University of 
Toronto, Toronto, Ont., Can. Hon. Mem. A.S.M.E. 
Professor, Columbia University, New York, N. Y. Mem. 
A.S.M.E. 

'* “Introduction to the Study of Variable Motion of Liquids” (in 
the Russian Language), by Boris A. Bakhmeteff, St. Petersburg, 
1915, p. 93. 
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reflected waves, making the water-hammer pressure for the period 
constant, as evidenced by the line CD with 


This pressure implies a certain margin over the Allievi linear 
gate solution. Furthermore, the whole treatment is particularly 
simple. Accordingly, the Relation [1] was considered particu- 
larly convenient for thumb-rule appraisals. Obviously, the 
closure of the gate causes an abrupt change in the regimen, as 
hereafter the direct wave pressure ceases, while the dead solid 
end causes the indirect wave to suffer complete reflection without 
change of sign. This doubles the angle of the pressure line and 
results in the pendulations indicated by DFC..... 

There is no difference between the author’s chart, Example 2, 
and Fig. 1 herewith, for the period preceding ¢ = 2Z/a, and for 
the time ¢ > T after closure. On the other hand, for the in- 
between interval 2L./a < t < T, the author’s diagram exhibits 
the zigzag outline CED in Fig. 1, as against the constant parallel 
line CD. The zigzag pressure outline would follow from the 
Allievi method, were one to assume that during the period of 
closure (t< 7), the indirect negative wave front O’B’ experiences 
at the gate the same full reflection, as it is expected to do after 
the gate is completely closed. Inasmuch as the transform and the 
previous methods should give identical results for the same bound- 
ary conditions, it can be surmised that in applying the opera- 
tional procedure to Example 2, the same set of boundary prem- 
ises, in so far as reflection at the gate end is concerned, were used 
throughout the whole analysis, making no distinction whether 
the valve was still partly opened or was fully closed. 

The difference in result, mentioned, raises an interesting and 
quite pertinent question, regarding the physics of shape reflec- 
tion at a partly open gate. One may contend that the reflection 
mechanism under the circumstances is not as simple as heretofore 
assumed. The fact remains, nevertheless, that full reflection 
without change of sign at the completely closed end is conditioned 
physically by the fact that the interposed solid barrier permits no 
axial displacement in the elastic fluid media, thus imposing the 
boundary limitation of zero deformation and zero velocity. 
Obviously, no such limitations exist as long as the gate remains 
open, so under all circumstances there is bound to be a brusque 
change in boundary conditions at the = T moment. Also, with 
all possible doubts relating to the reflection mechanics at a par- 
tially open gate, which has been arrested in the course of closure, 
it would stand to reason that during the time the gate is being 
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closed so as to cause linear-velocity extinction, all that the in- 
direct negative wave O'B’ can be expected to do is to cancel the 
further pressure rise, conditioned by the closing wave.  Physi- 
cally the positive or negative pressure change is concomitant to an 
elastic compression or dilatation. In this light, the interreaction 
of OB and O'B' is a matter of one deformation neutralizing the 
other. 

By way of further interpretation of the physical meaning of the 
linear-velocity extinction as a boundary premise, the thought is 
that a velocity-change law is not a self-dependent pattern, but 
necessarily is a combined result of the change in gate opening and 
the extant total pressure Hy, + h,,,. In Fig. 2 of this discussion, 
the straight line ob features the Allievi linear gate-closure law. 
The gate regimen, corresponding to the OCD pressure line in 
Fig. 1, would be och with the gate area ratio B/B’ 

v iw (Hg, + hy»). To accomplish linear velocity change with 
the zigzag pressure OCED, would require the gate movements to 


follow the outline oceb indicated by the dotted lines, Fig. 2. 
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The writer would like to voice the hope that in the future 
theoretical water-hammer analysis should be complemented by 
factual data obtained by carefully planned experimental re- 
search. Only such observations would enable engineering science 
to elucidate clearly the complex reflection phenomena and other 
physical particulars. The recent advances in the technique of 
registering high-frequency pressure changes” serve as a happy 
omen. Past observations were carried out with instruments, 
such as the customary steam-engine indicator, which were 
hampered by mechanical inertia. Obviously, the results were only 
approximate. The writer personally made some preliminary ob- 
servations at the Ziirich Laboratory in 1904, with the aim of 
checking the results disclosed in the then recent Allievi publica- 
tion. The diagrams obtained at that time, as well as later inci- 
dental evidence, seemed to confirm the constant pressure course 
of the CD line in Fig. 1. 


J. F. Roperts."* There seem to be two schools of approach 
among those responsible for penstock and pipe-line designs. One 
group refuses to take water hammer seriously, and without ade- 
quate investigation or analysis immediately assumes that pres- 
sure rise is unimportant. This group proceeds to adopt some 
arbitrary value such as 20 or 25 per cent for increase in stress due 
to water hammer. Such an approach may result in a disastrous 
pipe-line rupture, such as has occurred in one or two instances in 
the past. 

Another group takes the opposite view and makes exact and 
precise calculations in an effort to anticipate the most remote 

17 **Recent Developments in Hydraulie Laboratory Technique,” by 
Joseph B. Tiffany, Jr., Proceedings of the Second Hydraulie Confer- 
ence, University of Iowa, 1942, p. 31. 

18 Manager, Hydraulic Department, Allis-Chalmers Manufacturing 
Company, Milwaukee, Wis. Mem. A.S.M.E. 
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possibilities with regard to pressure variations. Unfortunately, 
many assumptions are necessary before starting such a ealeuls- 
tion. By bringing this subject forward for discussion, we csr 
hope to stimulate more interest and obtain more data on whic! 
to base assumptions. 

Frequently, engineers ask the manufacturer to guarantee thy 
impossible. The laws of water hammer and speed regulation ar 
laws of nature, subject neither to discounts nor to compromises 
With a given governor time and a fixed set of pipe-line conditions, 
and with a specified generator-flywheel etfeet, the resulting speed 
regulation is fixed by nature if the governor motion is at & uni- 
form rate and the relation between discharge and gate position i 
fairly uniform. 

As manufacturers, we hope that the users and buyers of hi 
draulie machinery will come to the realization that the laws of 
nature will determine the results, and for the average plant and 
with equally good equipment, one manufacturer cannot obtain 
better results than another. Several of the larger purchaser: 
realize these facts and their attitude is helpful in’ educating 
others. 

As manufacturers there are several factors and points of in 
formation which we can contribute to assist in solving wate 
hammer problems: 

1 Provide curves showing relation between governor stroke 
and turbine discharge. 

2 Provide cushioning on the governor cylinders to slow up 
gate motion near the closed position. . 

3 Provide rate-limiting devices on.the governor so that the 
rate of gate motion may be regulated and controlled for any part 
of the stroke and can be made different in opening and closing 
with the result that the rate of change in discharge can be defi- 
nitely controlled at all positions. 

It is hoped that the author will continue his interest in this 
study to the point where a set of tables of values to be used in 
solving pressure-regulation problems will be made available. 


F. M. Woop.'*) The author has done a much-needed work 1! 
demonstrating the power and simplicity of the modern method o! 
analysis by Laplace transforms, which has to a great extent super- 
seded and absorbed earlier operational methods, including that 
developed by Oliver Heaviside. 

These methods permit solution of equations linear in the de- 
pendent variables (pressure and velocity in the case of water 
hammer), so that it is necessary to replace nonlinear terms, suc!) 
as that due to friction, AV?, by a linear approximation. This, 
by the way, is fortunate where reversal of flow occurs, as thi 


‘friction term changes sign with the velocity. 


The approximation may be written (AV,,)V, as used in by- 
ample 5 of the paper; this if most suitable for sudden complete 
closures, where the velocities alternate between the values J,,,, 
0, and —V,,, or approximately so, during the first few periods 
For gradual gate closure, or studies over a number of periods, & 
better approximation is (2 3A V,,)V, as this gives closer agree- 
ment with the quadratic AV? over the full range of velocity. 

With the arithmetic integration and the graphical methods, 
Which are not purely analytical, allowance for friction is made by 
assuming friction head as concentrated at one end of the pipe, 0! 
as subdivided at two or more points along the pipe. It is im- 
possible by either of these methods to take into account the fact 
that the velocity, and with it the regained friction head, var) 
with time and position during each surge, and that the surges die 
down with time, approximately exponentially, the rate of de- 
crease being higher with greater roughness. For friction head- 
low in comparison with the maximum surge head, there ! 

Associate Professor of Civil Engineering, MeGill University 
Montreal, Can. 
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negligible error, but such may not be the ease for high friction 
heads, or low wave velocities. 

It is evident from the solutions of Example 5 that the expression 
2W.2L/a, which reduces to 2fhyV 
modulus for the effeet of friction. 


m @D, may be used as a 


Two pipe lines for which this 


expression is the same will have identical surges, if we use as the 


unit of time the period 24a, and as the unit of pressure, the 
maximum surge for frietionless flow waV,,g. This expression 


graphs or tables for values of the modulus ranging between zero 


be called “frietion set of 
ud unity, and extending up to the tenth period could be con- 
structed to facilitate future studies. 

Iixamples 3 and 4 show the possibilities of this method for a 
wide variety of boundary conditions, provided these are functions 
of the time variable, however arbitrarily chosen. Solutions are 
possible when either the velocity or pressure, or both, enter into 
these boundary conditions, specified at any desired point along 
the pipe, or at the ends 

\s pointed out by the author, if the aim of a certain study is to 
impose certain restrictions on the pressure or velocity surges, it 
would seem logical to solve first for the necessary boundary con- 
ditions, and then to adjust the operation of the controlling ma- 
chinery (gate, pump, turbine, ete.), 


in accordance with their 


particular characteristics, to give these boundary conditions. 
AvuTHor’s CLOSURE 


The able discussion of Professor Bakhmetetf, to whom the 
writer is indebted for valuable suggestions during preparation of 
the paper, deals with the pertinent question of partial reflections 
at the open valve during gradual closure. By means of the 
1, the 
appropriate Angus diagram, Fig. 2(b) of this closure, the author 


arithmetic integration, Table and its verification by 


will attempt to demonstrate in figures for a representative case 
that of initial head 1000 ft) that the transform method has, 
like the Angus diagram, the virtue of making the requisite com- 


pensation automatically for the effeet of such partial reflection. 
The Angus diagram has purposely been drawn for the case of 
initial head = 500 ft instead of 1000 ft, to show that when the 
velocity extinetion pattern is specified as a boundary value, the 
water-hammer superpressures are, contrary to results obtained 
by the conventional method, invariant with respect to the initial 
head. 

In performing arithmetic integration for the conventional 
method, the time rate of decrease of valve area is prescribed as 
one of the given boundary conditions, and we solve for the un- 
knowns Ahand AV. 
efllux velocity is preseribed in steps 4 V, and we solve for 4h and 
the time rate of deerease of valve area. In the sense that Ah 
and the relative valve opening are obtained directly with no 


In our case, the time rate of extinction of 


necessity for trial-and-error computation, the process is not true 
arithmetic integration. 

Now let us examine in detail the line of integration for the time 
1.17 sec. At this instant the positive increment A A 
+93.7 ft initially generated at time ¢ = 0.83 sec, returns to the 
valve from the reservoir as a negative reflection —93.7 ft. By 
the particular method of accounting we have chosen to adopt, all 
waves, when once generated, are carried forever in the tabulation 
at the original magnitudes and are given the correct algebraic 
sign corresponding to the number of transits of the pipe line 
By this same method of accounting we 
and 


(= 


that each has made. 
double this negative reflection to —187.4 ft in column 7 
then proceed to show that the requisite correction for partial 
reflection of the wave —93.7 ft returning up the conduit to the 
reservoir is included in the value of the nascent wave AA, column 


3. 


* See footnote 2 of paper, p. 712. 
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To make this demonstration, let us suppose that no negative 


reflection had yet arrived at ¢ 1.17 and let us caleulate by the 
conventional method the corresponding magnitudes of A hk and 
AV, assuming the gate motion to be given as 0.516, colurmn 9 
This time we are employing true arithmetic integration and must 
establish by successive trial and error that value of A A that will 
give identical results for column 6 and column 10. We obtain 
Ah = 55.7 ft instead of 93.7 ft, a difference of +38 ft. It is this 
excess of +38 ft that effects the requisite decrease in the magni- 
tude of the negative wave traveling up the pipe line after partial 
reflection, and in actual amount this becomes —93.7 + 38 


55.7 ft. The percentage reflection is accordingly 
about 60 per cent. 


By the same type of analysis we find that at time ¢ = 6.67, the 
percentage reflection with the valve opening at 0.333 is 71 per 
cent, which is in the increasing direction as would reasonably be 
expected. We have therefore shown that Table 1 makes spe- 
cific provision for partial reflection at the control valve. 

But the transform method, in which no explicit mention what- 
ever is made of any reflections, gives pressures and velocities 
identical with Table 1 and Fig. 2(6). 
that the proper orders to the transform mechanism are implicit 
in the specified velocity-extinetion pattern and that the trans- 
form method may be relied upon to make proper compensation 


We therefore conclude 


for the effect of partial reflection at the control valve auto- 
matically. The valve motion corresponding to column 9 is of 
course nonlinear and possibly even impracticable, but we quali- 
fied our original Example 2 at the outset in the original paper as 
merely an academic step leading to the definitely practical 
Example 3. 

In defense of his use of a prescribed boundary condition which 
is not “‘self-dependent,” the author cites the practice of assuming 
a locus for the deflected elastic line in the Rayleigh method of 
computing gravest frequencies of natural vibration and least 
critical buckling loads. The assumed equation of elastic line 
frequently bears only “shape’’ resemblance and not necessarily 
any algebraic similarity to the theoretically perfect deflection 
curve; but the results are obtained in surprisingly short time and 
to a satisfactory degree of accuracy. As a parallel case, we as 
engineers perform water-hammer computations for two primary 
purposes, (1) to determine maximum and minimum values of 
total steady-state plus water-hammer head, and (2) to estimate 
speed variations in turbo-machines. As Mr. Nagler pointed out 
so forcefuily during the oral discussion, we have no great interest 
in establishing the absolutely correct shape of water-hammer 
curves, except in so far as this feature affeets the desired degree 
of accuracy of determination of head and speed, and we generally 
find that no economy in capital cost is sacrificed if our computa- 
tions for these variables are not carried to closer than 5 or even 
10 per cent. It is just this practical latitude which permits us to 
develop by the transform method reasonably simple workable 
formulas for even the more complicated problems. — + 

In response to the incisive comment of Professor Wood, the 
author has prepared a chart to accompany Example 5 for the 
particular case of frietion factor F = 0.05 and conduit reflection 


2L 
time — 10 sec. The effect of the term F VoL has purposely 

a 
been included in the plotting to demonstrate that the wave decays 
in steps generally symmetrical about the reservoir elevation as 
would naturally be expected; but it should be carefully noted 
that inclusion of this term limits theoretically the applicability 


of the chart to conduits having a reflection time 10. At 


some subsequent date, when time permits, the author will under- 
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TABLE 1 ARITHMETIC INTEGRATION—SIMPLE CONDUIT—FOR LINEAR DECREASE OF EFFLUX VELOCITY 


Conduit length L — 5000 ft Initial conduit velocity V=12 fos 
Conduit diameter = 15 ft Wave velocity a= 3000 fps 

Conduit area=177 sq ft Initial head = 1000 ft 

Valve closure time = 10 sec Initial O= 2120 cfs 


2506 Column u x 2500 
F = 
or Bt 0.83 sec, Ah 32.2 % 0.83 or Column 3= 32.2 x 0.83 


Column 8 = previous (Hy +h) plus column 3° plus Column 7 
Column 10 x Vi0 
2120 x Veolumn 6 


Column 9 = 


Note on calculation of reflection: Reflected wave component at time t = 4.17 seconds equals 
direct wave component at time t= 0.83 seconds multiplied by minus 2. 


Reflected wave component at time t= 7.50 seconds equals direct wave component at time t=0.23 
seconds multiplied by plus 2, added to direct wave component at time t= 4,17 seconds multi- 
plied by minus 2. 


Reflected wave component at time t = 11.67 seconds equals minus twice the sum of the direct 
wave component at time t= 0.83 seconds plus the direct wave component at time t = 1.67 seconds; 
plus twice the sum of the direct wave component at time t = 4,17 seconds plus the direct wave 
component at time t = § seconds; minus twice the sum of the direct wave component at time 

t = 7.50 Seconds plus the direct wave component at 8.33 seconds. 


COLUMN 7 
24h 
COLUMN 2 COLUMN 3 REFLECTED COLUMN 8 COL. 21 
COL.1 INTERVAL Bh COLUMN 4 COLUMN 5 COLUMN 6 FROM TOTAL HEAD COLUMN 9 COL. 8- 
TIME At AT VALVE AV v Q =177V RESERVOIR Hy + h VALVE COL. 10 1000 
SEC SECONDS FT FPS FPS CFS FT FT OPENING CFS FT 


0.00 12.000 2120 1000.0 1.000 2120 0 
0.83 0.83 93.7 — 1.000 11.000 1950 _ 1093.7 0.882 1950 93.7 
1.67 0.84 93.7 1.000 10. 000 1770 1187.4 0.766 177C 187.4 
2.50 0.83 93.7 = 1.000 9.000 1590 1281.1 0.666 1590 281.0 
3.33 0.83 93.7 1.000 8.000 1415 1374.8 0.570 1415 374.8 
4,17 0.84 93.7 1.000 7.000 1238 1281.1 0.516 1233 281.9 
5.00 0.83 93.7 1.000 6.000 4187.4 0.460 1060 187.4 
5.83 0.83 93.7 1.000 5.000 1093.7 0.397 93.7 
6.67 0.8% 93.7 1,000 2.000 1000.0 0. 333 
7.50 0.83 93.7 1.000 3.000 1093.7 0.229 93.7 
8.33 0.83 93.7 1.000 2.000 1187.4 0. 149 187.4 
9.17 0.84% 93.7 - 1.000 1.000 1261.1 0.074 281.1 
10.00 0.83 93.7 — 1.000 0.000 1374.8 0 374.8 
11.67 1.67 Valve closed at time t =10 seconds 1000.0 0 
13.33 1.66 625.2 — 374.8 
15.00 1.67 1000.0 0 
16.67 1.67 1374.8 + 374.8 
18. 33 1.66 1000.0 0 
20. 00 1.67 625.2 — 374.8 
21.67 1000.0 0 
23.33 1.66 1374.8 + 374.8 
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6L 


13.33 


Water Hammer 
Head Incre 


16.66 2223 26.66 30.00 


10L 


+ 


| Valve closed 
| at 


PRESSURE RISE 


6.66 10.00 


16.66 20.00 


TIME - SECONDS 


4b 
a a 


WL 
a a 


TIME - REFLECTION INTERVALS 


Fia. 2 (a) 


Assume Ho = 500 
~ 2aVo 2x3000 x12 
Then 2p 


Time 8b = 1333 sec 


Pressure Rise: 
At 500 x 1.75 - 500 = + 373’ 


=0 $b =500x175-500=+373' 
500 = 373" 
= 5 500 x 1.75-500 = +373’ 


0.4 -0.2 00 0.2 0.4 0.6 0.8 
VELOCITY RATIO - 


Fic. 2 (b) SupptemenTARY CHart, ExaMP.e 2, By ANGUS 
GRAPHICAL METHOD 


ILLUSTRATING SYNTHESIS OF PressURE Rise ror UNtrorM LINEAR VELocITy ExtTINcTION aT OUTLET 


take to compute charts in which, for several assumed representa- 
tive values of friction modulus, the ordinates consist simply of 
the third term of Equation [18]. As Professor Wood points out, 
such charts will have perfect generality so as to be applicable to 
F 2L 
2w 

In computing the chart for Example 5, the author found that 
with respect to the integral terms, Equation [18], convergence 
of the Bessel function series was so rapid that only the first term 
was necessary. With this simplification, Equation [18], for 
z = L at the valve, reduces to 


all cases having the same value of friction modulus —— 


a 


In using Equation [18a] the third term is computed fort = 0 


and t = _ then the fourth term is computed successively for 
a 
L 4L 4L 6L 
m=Il1t= =—; m=2,t = — andi = —,andso 
a a a a 


2L 
on. Then taking t = — as an example, the upper value is given 
a 
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EXAMPLE | 
(HEAVISIDE WAVE ALTERNATE) 


From Equation (5) — Example 1: 
emt Br; AL 


In the second replace the by exponentials 
and multiply numerator and denominator by @ Ab - 


Ax. 

At - - AX 
= 


(9) 


_4AL _6AL _ BAL 
Substituting (10) in rie 
x (11) 
By Churchill No 61 p 298 
{° when o<t<k 
2ni x l when t>k (12) 


Br, 


Integrating (11) term by term 


+X L+x 
t> t> Lex Do 


P=D, wave 
At gate section when x=L: 
P= Py + Ware fj > 


EXAMPLE 3 
(HEAVISIDE WAVE ALTERNATE) 


First stage similar to Example 2 (Heaviside Wave Alternate): 
Proceeding from — 3 (Original) - Equation 4. 


t> (2n-1) L-x t > (2n-1) L+x 
3 a 


At gate section when x=L 


P=Py+ +25 (-1)" 


t> (14) 


Second stage t= tot=T (Heaviside Wave Solution) 
Proceeding similar to Example 2. (Heaviside Wave Alternate) 


When x=L at gate 


n 


t>o t> 
uwal(Vo-Va) n 
t>AT + 20k 
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EXAMPLE 2 
(HEAVISIDE WAVE -ALTERNATE) 


From Equation (5) — Example 2: 


Using ett similar to Example 1 (Heaviside Wave Alternate): 
3L 3 
Now by Churchill No.62 298 
Kan when o<t<k 15) 
imi t-k when t>k 


Intergrating ey term by term: 


3 
-¥ L+x - L+x 


(17) 
(2n-1) L-x (2n-1) L¢x 
t> 


At gate section when x=L 


P= Py + 18) 


oe t>2ob 


For zone of “Afterwaves" Use similar procedure on Equation (I0) 
Original Example 2 : 


(2n-1)L-x (2n-1) L+x 


At gate section when x=L 


n 


nei 


t>o t> 
t>T t>T + 


2L 2L 
by ( = from the third term and the lower value by ¢ = — from 
a a 


4L 
the fourth term. Fort = — the lower value is given by m = |, 
a 


4L 
{= and the upper value by m = 2, t = In making up 


a 
the summations care must be taken not to mix these two groups 
of values: In one group we have values for ¢ just greater than 0, 


2L 
plus ¢ just greater than —, plus ¢ just greater than —, and so on; 
a 


a 
2L 
while in the second group we have values for ¢ just less than 


4L 
t just less than —, and so on. In other words, we never sum 
a 


2L 
values that are not separated by an entire interval un- 


a 
diminished even by infinitesimals of time. 
It will of course be immediately apparent that the value o! 
friction factor F = 0.05 has been purposely magnified many 


times over the value normally encountered in practice, in order 
to give substantial drops in intensity for each succeeding wave 
A friction value F = 0.01 would in all probability be heavier 
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EXAMPLE 4 


CHART TO ACCOMPANY EXAMPLE 5 
CHEAVISIDE WAVE ALTERNATE) 


SIMPLE CONDUIT- INSTANTANEOUS VALVE CLOSURE 


CONDUIT FRICTION INCLUDED-VELOCITY HEAD NEGLECTED 
Equation (3) Example 4 (Original): 


2 


Treatment of the first two integrals is identical with Example 1 = 0.125 (wave) 
(Heaviside Wave Alternate - Equation 14): g 


in the third integral replace the hyperbolics by exponentials PRESSURE RISE AT THE VALVE 
and multiply numerator and denominator 


AL 

cosh X+ (I+ 

ay (>) Bry ( 


AL 6AL _BAL 
See 


(8) 


Reservoir Level 
Vaive closed 


But = \-e «+ Provided thate (9) 


(9) in (8): 
2T 2T 
Br, 


Coefficients of wave 


(Including effect of - FVoL) 


But by the theory of residues: 
rA(t-k Time Seconds & intervals of 
perdaA _ fo wheno<t<k 
2m [BA (t-k)] when t >k VELOCITY = THE RESERVOIR 
2 


The — (10) then becomes: 

(12) 

and the entire Equation (3) equals: 


a > 
When x=L at gate: : 4 
P=P,+WaVo $1 425° (-1) 71) wave cos <1)" cos me Seconds & Intervals of 2b 
7 antp r 4 (14) 
to o> 


> 

> 
= 

4 
4 
2 


3 
10 


be ee all current types of terminal mechanism and operation, and the 
than is likely to be encountered in economical pipe-line design, desired compound- and branched-system cases. This is ob- 
but for this more common ease the rate of attenuation is hardly viously too extensive a task for any one individual and conse- 
perceptible for the limited number of intervals that could be quently it was the author’s intention that these problems be 
accommodated on the diagram. The fact that this difference parceled out to about 25 technicians throughout the country, 
between succeeding waves is so small is of course the very reason assigning each one or two cases, These problems could then be 
why friction is not a relevant consideration in most practical | exehanged and verified, and the entire task brought to comple- 
problems. tion within a reasonably short time. In the interim preceding 
Mr. Roberts’ interesting discussion has an important bearing organization of this undertaking on a large-scale basis, the author 
on water-hammer fundamentals. His mention of item 3, the — will continue to derive as many additional representative case~ 
provision of rate-setting cams for a prescribed nonuniform gate — as his somewhat limited time will allow. 
motion, may be taken as practical confirmation of the author’s During the oral presentation of the original paper, the author 
thesis that it is entirely feasible for the consulting engineer to submitted alternative solutions by the Heaviside wave method 
establish in advance the optimum velocity-extinction pattern — 2s well as the trigonometric-series method for each of the illustra- 
consistent with most favorable over-all project economy and — tive examples. In response to the interest that appeared to de- 
leave to the manufacturer's engineers the corresponding design velop during the subsequent discussion, the fundamental steps of 
of terminal mechanism, these Heaviside alternatives are given in the supplementary 
The valve designer could develop the requisite closure rate by a examples accompanying this closure. 
procedure essentially similar to that employed in the arithmetic In connection with the manipulation of Equations {4] and {5}, 
integration of Table 1, column 9, or, as an alternative method, — original Example 6, it is believed that some word of amplification 
by trial-and-error shifting of the valve-discharge parabolas of will be worth while. In preparing the chart for Example 6 of the 
the Angus diagram. original paper, the author’s primary purpose was to indicate how 
With respect to Mr. Roberts’ and Professor Angus’ mention the refinements of the method might be dispensed with if it is 
of the desirability of condensing water-hammer results in tabular desired to obtain an estimate of the peak instantaneous value of 
form, the author suggested in his oral presentation that the the water hammer and only a very rough idea of the wave pat- 
Water-Hammer Subcommittee undertake the preparation of a tern. In line with this purpose, all terms of order C? and higher 
handbook in which compact workable formulas ‘be collected for were dropped in Equation [4] and the pattern was based solely 
the rapid solution of 50 or 60 representative problems, including on what occurred during the first two or three intervals. Be- 
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EXAMPLE 6-ALTERNATE 
CINCLUDING EFFECT OF TERMS IN C*) 


In Equation (4) Example 6 (Qriginal), include terms in C?: 
_4Abs 2ALy_2AL? _4Al2 _4AL_ 2AL; 
“a: -Ce 82 & +2C’e a a2 +Ce a a2 


_ 4AL2 GAL) _ 2AL; 6AL 
6AL; 4AL2 4rL:_6AL2 


-ce ~ ar -Ce ~ +3C? 
8AL L2 BAL _ 6AL2 - 
+3C’e 8: +Ce a ~ az +Ce 


_4Aby_4Alr _ SAL) _ GAL; _ 
x jl-e% S4e a (6) 


1-Ce 


4rL2 6ALi_ 6AL2 
+6C’e a 


a 

a” a 


Solve integrals in Equation (3) Original Example by using 
Churchill No 6! p 298 


A(t-k) 
@ dA _ fo when o<t<k 
Br, r | when t>k 
At gate section x =L this reduces to: 
@ 
2= P+ >! I)" (1- C*) 
2n+2)L 
82 


t> (2n+2) Li (2n-2) Li 
a2 a 82 


CwaV; n 
(2n¢2)Li 2nly 
nz0 t> —— t> > 


2nk 4 (2n+4)L2 
a; 82 ) 
(8 


+ (2n-2)L2_ (2n-2)ts (2n+2)L2 
ai a? 


cause of the mounting importance of terms in C? as the series 
progresses, confusion will result if this short-cut is applied to 
later intervals. 

For the cases in which more accurate delineation of wave pat- 
tern as well as the peak pressure is of importance, the attack 
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CHART FOR 
EXAMPLE 6 - ALTERNATE 
INSTANTANEOUS VALVE CLOSURE INCLUDING EFFECT OF TERMS C? 


3000' Vo = 12'/sec 12! 
3000'/sec Lz = 2000' Vo = 18 75'/sec 
15' 2500'/sec 
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should be modified as indicated in the subsequent supplementary 
example. Terms of order C* should be retained as indicated in 
Equation [5] of the following alternative solution. These re- 
sults may be accurately applied to succeeding later stages of the 
phenomenon. 

The author appreciates the comment of Professor Angus and 
trusts that the foregoing discussion and closure will to some ex- 
tent compensate for the admitted brevity of the original paper. 
In this connection, Professor Angus, as a successful teacher of 
long experience, is of course well aware that the only effective 
means of mastering any theory is to follow the precept enun- 
ciated by Newton centuries ago and work many representative 
examples by its use. It is hoped that the basic material pre- 
sented in condensed form in the article will, with the references 
given, furnish background for such an approach. 

In conclusion, the author expresses thanks to those who have 
participated in the discussion. 
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Water-Hammer Problems in Connection 


With the Design of Hydroelectric Plants 


By E. B. STROWGER,"BUFFALO, N. Y. 


A review is given of the subject, based upon previously 
published papers, and in addition Allievi charts, which 
have been extended to include practically all problems an 
engineer may consider, are presented. The review covers, 
among other things, a simple statement of the funda- 
mentals of the problem as usually encountered in hydro- 
electric plants, an explanation of the arithmetic-integra- 
tion and graphical methods, and the solution of the surge- 
tank problem. Other aspects of the subject, such as the 
influence of gate motion, pressure conditions along the 
pipe, etc., are discussed. Emphasis is placed upon pre- 
senting to the designing engineer definite and useful pro- 
cedures for the solution of some of the more common and 
simpler water-hammer problems in connection with 
hydroelectric plants. The arithmetic-integration method 
is set forth because it is a useful method per se and is a 
prerequisite to a ready understanding of the graphical 
method. The solution of the surge-tank problem is given 
by reference to the Calame and Gaden approximate for- 
mulas. These formulas, as published in English at the 
present time, contain several typographical errors and, 
consequently, may be misapplied. For this reason, the 
author has included them herein after checking them 
against the original French version. Several typical ex- 
amples of various problems are used as illustrations in 
order to make the methods of computation clear. 


DEFINITION OF WaTER HAMMER 


ATER hammer is defined as the change in pressure, 

above or below normal pressure, caused by sudden 

changes in the rate of flow of water in closed conduits. 
Because of sudden changes in the demand for water during load 
fluctuations, it occurs at all points in pipe lines between the fore- 
bay and the turbines, but to a less extent in the pipe line between 
the reservoir and the surge tank and to a greater extent in the 
penstock. 

Accompanying a rather sudden decrease in load on a hydro- 
electric plant, the turbine gates operate to close and the hydraulic 
gradient moves up from AJ to AB, as shown in Fig. 1. This 
position is called the positive water-hammer gradient. At the in- 
stant the turbine-gate movement ceases, the supernormal pres- 
sure then existing becomes unstable, and the gradient AB begins 
to swing to AC. The pressure then fluctuates between positive 
and negative until damped out by friction. 

Accompanying a rather sudden increase in load on a hydro- 
electric plant, the turbine gates operate to open, and the hydraulic 
gradient moves down from EJ to EG, as shown in Fig. 2. This 
position is called the negative water-hammer gradient. After 
the gate movement ceases, the negative pressure EG swings to 
positive pressure EF. 


‘ i tae Engineer, The Niagara Falls Power Company. Mem. 
Contributed by the Hydraulic Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 27-Dec. 1, 1944, of Tue 
AMERICAN SocrETY OF MECHANICAL ENGINEERS. 
Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


The penstock should be designed to withstand at every point 
an internal pressure corresponding to the maximum positive 
water-hammer pressure AB. The negative water-hammer 
gradient AC or EG, whether caused directly by gate opening or 
by the swing of pressure from positive to negative after gate 
closure, should not be below the top of the penstock at any point, 
asat K. If it is, a partial vacuum will occur within the pipe with 
possibility of collapse of the shell. Air-inlet valves to prevent 
vacuum in this case are not recommended, as they may not oper- 
ate quickly enough to prevent collapse. 


GENERAL Discussion 


If the turbine gates of the installation, shown in Fig. 1, are at a 
fixed position, as when the governor is operating on load limit, 
the rate of flow through the turbine orifices is constant and the 
hydraulic gradient remains in a fixed position. If, however, the 
turbine gates are regulating, i.e., causing the orifice area to 
open and close alternately, the column of water is accelerated and 
decelerated, and the hydraulic gradient changes in position. 
During this perturbed regimen of flow, the phenomenon of water 
hammer occurs. During a closure or an opening of the gates, 
kinetic energy is converted to potential energy or vice versa and 
the pressure existing at any instant could readily be computed 
from Newton’s laws of motion if it were not for the effect of 
elasticity of the pipe walls and of the water itself. As the 
pressure changes occur, the water is compressed or relieved of pres- 
sure, the pipe is expanded or contracted, and water-hammer 
waves travel along the pipe as the whole liquid column vibrates. 
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Velocity and pressure at any instant thus are dependent upon the 
elastic characteristics of pipe and water, as well as upon the in- 
itial conditions of head and velocity, the length of pipe, the 
velocity change, and the character of the gate motion. 


FUNDAMENTAL RELATIONS 


As the turbine gates start closing, a positive pressure wave 
starts to travel up the penstock to the forebay. A given motion 
of the gates may be considered to consist of a great number of 
small motions, each one of which is instantaneous. Considering 
one of these small instantaneous motions of the gates in the clos- 
ing direction, the positive wave resulting therefrom travels up 
the penstock to the forebay and, upon reaching the forebay, it is 
reflected back from the open end of the pipe as a negative wave 
which travels back to the turbine and which has the same magni- 
tude as the positive wave. The time of one round trip of the 
wave is designated as u and is called ‘‘time of one interval” or the 
“critical time’ of the pipe. It is expressed (in seconds) as 


where L is the length of the penstock in feet and a is the velocity 
of the pressure wave in feet per second. 

Joukovsky (1)? proved that the maximum water hammer pro- 
duced in a pipe is equal to 


a Av 


= maximum pressure rise, ft 
velocity destroyed, fps 
= acceleration due to gravity, ft per sec per sec 


& 


This pressure rise is produced when a velocity of Av feet per 
second is destroyed instantaneously, or in a time less than the 
critical time of the pipe. Equation [2] is the fundamental 
equation upon which all water-hammer studies are based. 

If the pipe is of variable diameter, the effective velocity v 
should be used in Equation [2] and should be calculated as fol- 
lows 


l, v; + love + etc. 
(3) 


The formula developed for the velocity of the pressure wave 
is given by 


. [4] 


where 
d = diameter of pipe, in. 
e = thickness of walls of pipe, in. 
k = voluminal modulus of elasticity of water, 294,000 psi 
E = modulus of elasticity of material of pipe walls, approxi- 
mately 29,400,000 for steel, psi 
w = weight of 1 cu ft of water, lb 


For steel pipes commonly encountered in practice, this formula 
becomes 


2 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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For a pipe conereted in solid rock, the fraction 
4 


becomes infinitesimal, and the limiting value of 4660 is reached for 
a, this being the velocity of sound in water. 

The value of a for wood-stave pipes depends not only upoi 
the modulus of elasticity of the wood making up the staves and 
that of the steel of the bands, but also upon the deflection of the 
staves between bands, the degree the bands have been embedded 
in the staves, and perhaps other factors. 

In general, however, the value of a for wood-stave pipes is low, 
how low it is impossible to foretell. This would make the prob- 
lem of water hammer in such pipe indeterminate if it were not for 
the fact that, in many cases, it makes little difference what value 
of a is selected since, with a given time of closure of the turbine 
gates, the higher the value of @ the greater the number of inter- 
vals within the closure period. This tends to lower the pressure 
rise and more or less to compensate for the greater magnitude of 
the water-hammer wave. Thus if a is increased, the factor a q in 
Equation [2], converting velocity change to pressure change, is 
increased, but the number of intervals (see Equation [9]}) in- 
creases due to a smaller value of 2./a, and these two factors tend 
to offset each other in the result. It is suggested that the follow- 
ing formula be used to determine a tentative value of a, and that 
several lower values be used to investigate what effect a change 
in a has upon the result 


in Equation {4 
e 


where 


a 
ll 


velocity of pressure wave in wood-stave pipe 
modulus of elasticity of water in compression 
42,400,000 psf 4 
diameter of pipe, ft 
= modulus of elasticity of wood staves. For the usua 
kinds of wood used in the construction of wood-stave 
conduits, the moduli of elasticity are as follows: 
BO. Dougiae 230,000,000 psi 
Redwood or cypress............. 192,000,000 ps! 
For old staves deteriorated by use and the action of 
the elements, these*values should be reduced considera- 
bly, for instance, tests on B.C. fir have shown that 
\ the value of 230,000,000 psf may be reduced to as low 
as 60,000,000 psf. 
b = stave thickness, ft 
E, = modulus of elasticity of steel bands in tension 
4,230,000,000 psf 
¢@ = total cross-sectional area of steel bands in sq ft per 
linear ft of pipe 


Sy 


For concrete pipe and buried pipe, the value of a usually runs 
high with a possible upper limit of 4660 fps. 


ALLIEVI’s WATER-HAMMER CHARTS 


Allievi’s chart (2) for the solution of the maximum pressure 
of water hammer when the velocity is destroyed at a uniform rate 
to zero is reproduced in Fig. 3. The range of this chart has been 
extended considerably beyond that of charts heretofore pub- 
lished, in order to cover many cases of water hammer involving 
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Fig. CHART 


FoR Maximum Pressure Risk ror UntrormM Gare Motion anp Conpuits 


(For large values of p and/or @.) 


pipe lines whose physical characteristics are outside of the values 
for which these charts were designed. The uniform rate of 
velocity decrease assumes a uniform speed of closure of the gate 
and a straight-line relation between discharge and gate opening 
The lines on the chart converge at low values of p and @ and, 
because of this, only a few have been carried through to the p 
axis. Fig. 4 has been prepared to show the detail of the chart at 
low values of p and @. 

Allievi’s chart for the minimum pressure due to uniform in- 
crease in velocity is shown in Fig. 5. Here also, simple conduits 
are assumed. The chart is made for opening the turbine gates 
irom a closed position to any desired degree of opening and at any 
speed of operation. 

The ordinates of the charts are dimensionless numbers or 
parameters and are designated as p and @. The parameter p is 
called the “characteristic” of the conduit and is expressed by the 
equation 


avo 


7 29H. 


p 


where 


Hy = static head at lower end of pipe, in feet (of water), 
measured from forebay level or from elevation of water 
in surge tank at beginning of gate movement to tailrace 
level, and other symbols are as previously given. 

The parameter @ is called the “time parameter” and is the 
ratio of the total time of gate operation to the time of one interval 
as given by Equation [1], i.e., it is the time of gate operation 
expressed in intervals and may be written 


where 
T = time of gate operation as obtained in the followi ng section. 
The symbol Z is a measure of the water hammer. Symbol Z? 
is defined as the ratio of the maximum total head to the initial 
head 


The curves S in Fig. 4 indicate the time, in terms of u, which 
elapses from the beginning of closure to the instant of the oc- 
currence of the maximum pressure. An example giving the use 
of Allievi’s charts is given later. 

The charts are for pipes having a constant value of a through- 
out their lengths and, therefore, apply to pipes of uniform wall 
thickness and diameter, classed as simple conduits by the A.S.M.E. 
Water Hammer Committee (3). Where the closing time is rela- 
tively long and the gate motion is approximately uniform, the 
Allievi charts may be used for approximate results in problems in- 
volving complex’ conduits. To apply the chart, the complex 
conduit must be reduced to an equivalent simple conduit. In 
this case a value of a should be determined for each section of 
constant diameter and thickness, and the effective value of a 
should be determined from the following equation 

a, a 


[10] 


a ay 


3 A conduit having variable thickness and diameter. 
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In addition to the Allievi chart, the Quick chart (4) is also 
recommended for the determination of the maximum pressure 
rise for uniform gate motion and simple conduits. 


Gate Motion 


The time of governor action is not necessarily proportional 
to the percentage of gate motion, owing to the fact that certain 
time elements enter into the problem caused by the physical 
limitations of the governor itself. A typical curve of percentage 
of time of full stroke, corresponding to the percentage of gate 
travel, obtained on the test of a modern turbine, is shown in Fig. 
6. 

The penstock velocity at any particular gate opening may be 
expressed by an equation in the form of one representing the 
velocity through an orifice as follows 


Vit 


P 
where 


V. = penstock velocity at gate opening Ag, fps 
C = coefficient of discharge of turbine 


N 


A, = the area of the penstock, sq ft 
Hy = head operating on turbine 


This equation may be written 


Vo = Be 


Knowing the characteristics of the turbine the value of By may be 
readily determined and for any gate opening A and any head H 
we may write 


vecs = BVH 


Where uniform motion of the turbine gates is assumed, the 
relation between time and the gate-opening factor B may be ex- 
pressed by 


ie) 
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Fig. 5 
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where T is the total time of closure and By the initial gate-opening 
factor. 

The usual movement of the turbine gates with respect to time, 
however, is not uniform as the mechanism has an inertia effect 
at the beginning of the stroke, and a cushioning effect may be 
present at the end of the stroke. A curve of typical gate motion 
With respect to time is compared with uniform movement in Fig. 
7. This curve may be considered sufficient for preliminary ex- 
amination, but the final curve should be furnished by the tur- 
bine manufacturer. Also the relationship between gate opening 


CuHart FoR DeTeERMINING MAXIMUM IN Pressure ror UNtrorM MOTION AND 


and discharge in practical cases is not a straight-line relationship, 
as is illustrated by the curve in Fig. 8. 

To simplify the solution of water-hammer problems, by means 
of the Allievi chart, it is possible to secure a value of “equivalent 
time” for cutting off the flow to represent the time which would 
be required to close the gates from the wide-open position if they 
moyv.u uniformly at the maximum rate existing at any portion 
of the entire movement. Fig. 9 illustrates one method of ob- 
taining “equivalent time.” 

If the variation of discharge with respect to gate opening is 
also nonuniform, a correction must be applied to the gate open- 
ing to secure the “equivalent gate opening” for full quantity 
being cut off uniformly. This equivalent gate opening must 
then be used as a percentage of full gate opening, and a corre- 
sponding additional reduction must be made in the “equivalent 
time,’’ resulting in the net equivalent time 7, for use in Equation 
[9], as shown in Fig. 9 (see reference 3). 

It should be noted that results thus obtained are approximate 
and if an exact solution is desired, the arithmetic-integration 
method or the graphical method, as described in later sections, 
should be employed. 


CriticaL GOVERNOR TIME 


Although the total time of closure in the ordinary hydraulic 
turbine from full gate is much larger than y, it is evident that 
there is a closure from a partial gate opening with a timing ap- 
proximating the critical time. The pressure rise from such a 
gate closure is obtained from Equation [2] and may be greater 
than the pressure rise occurring when closure from full gate is 
made. Consequently, it is desirable to investigate closures from 
part gate positions as well as closures from full gate to obtain 
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Fig. 7 ‘Typrcan Gate Motion-Time Curve ror 
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the maximum pressure rise to which the penstock may be sub- 
jected (5). 


PRESSURE CONDITIONS ALONG PIPE 


If closure occurs instantaneously, the pressure wave will travel 
undiminished up the conduit to the intake or point of relief. 
For closures which take place in a time greater than zero but less 


9 


than one interval| 7 >0< , the maximum pressure rise will be 


a 
transmitted along the pipe to a point where the distance to the in- 


take is equal to From that point to the intake, the pressure 


reduces uniformly to zero. When the duration of uniform closure 
2L 

is equal to or greater than the critical time —, the maximum rise 
a 


of pressure occurs at the gate, and in the case of a pipe of constant 
diameter and thickness, from there to the forebay, reduces to zero 
uniformly along the length of the pipe. If the pipe is of varying 
diameter, as shown in Fig. 10, it is usually assumed that the 
magnitude of the maximum superpressure or depression found 
at the gate diminishes from the gate to the point of open water 
and has a value at any point k, equal to that given in Equation 
{16]. For fast closures, this equation may not give results which 
are sufficiently exact, and for this case the graphical method 
should be used (7, 8). 


k 


LV LV 


h, = water hammer at point k 

h = water hammer at turbine 

V = effective velocity for whole pipe from Equation [2] 

L = total length of pipe 

l,, lo, lg... . l, = successive lengths of pipe having constant 
velocity values of 02, 1%; .. . Tespec- 
tively 
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Using n to denote the penstock at the turbine and referring back 
to Equation [3], we may write Equation [16] as follows 


ARITHMETIC-INTEGRATION METHOD OF COMPUTATION 


The arithmetic-integration method (6), as considered here, 
applies to simple pipes and is included for the purpose of bringing 
out certain fundamental concepts of the subject) which will 
facilitate the presentation of the graphical method of computa- 
tion. 

The water hammer resulting from a gate movement can readily 
be calculated by using Equation [2] to determine and tabulate the 
pressure rise (or fall) due to the velocity change during each inter: 


2L 
val of time of — seconds and by combining properly these tabu 


lated values of pressure rise (or fall) considered as supernorma! 
and subnormal pressure waves. Considering a gate closure, 
and letting V; be the velocity destroyed during the first interval. 
V2 the velocity destroyed during the second interval, etc., the 
pressure rise during the first interval is 


and the pressure existing at the end of the first interval is 
hi = ho + Ah .. (19 
During the second interval, the pressure rise due to the velocity 


change AV? is 


g 


bn 
as 
al 
4 
3 
e 
j fot b 
Ww. Forebay 
= 
| 
where 
AS 


STROWGER—WATER-HAMMER PROBLEMS IN DESIGN OF HYDROELECTRIC PLANTS 


but during this interval the pressure wave formed during the first 
interval is reflected and starts to travel from the valve or gate 
as a subnormal wave. At the end of the second interval, the 
magnitude of this subnormal wave is Ah, instead of + Ah, 
and the pressure existing at this time is 


hy = hy + 2 Ah; 


At the end of the third interval Ah, has become subnormal and 
dh; has become supernormal so that at this time the pressure 
existing at the turbine is 


h; = hy + Ah; 2 2 Ah, 


Accordingly, the pressure existing at the end of the nth interval is 


hn. = + Oh, — + 2Ahn-2, ete. 


From these relations, the ordinary water-hammer problem may 
be solved by means of arithmetic integration. To illustrate the 
method, the solution of the following problem is presented: 

Assuming a penstock area of 55.66 sq ft, and the following 
conditions 


L = 1000 ft 


Vo = 10.78 fps i 
Hy = 200 ft a2 


= 32.2 ft per see per sec 
2.66 sec 


3005 fps 


calculate the maximum pressure rise at the turbine for a gate 
‘losure to zero at a rate as shown by the gate-time curve in Fig. 
19. Assume that the turbine gate-discharge relation is as shown 
9 
in Fig. 19. The time of one interval, Equation [1], oo = 
3005 
0.665 sec. The computation is shown in Table 1; and the fol- 
lowing procedure is used: 
1 The time in terms of intervals and seconds is recorded in 
columns 1 and 2 in Table 1. 
2 The initial gate-opening factor Bo is calculated from Equa- 
10.78 
tion [12] or Vo = \/ 200 = 0 7623 and recorded in the first 


line of column 3. 

3 The initial values of head and velocity are set down in the 
columns 4 and 5, respectively. 

4 The remaining values of B in column 3 are then set down, 
sing Fig. 19, as follows: Entering curve A (Fig. 19) with the 
value of time at the end of the first interval, i.e. 0.665 sec, the 
gate-opening position of 80 per cent is found. Entering curve 
8 with a gate-opening value of 80 per cent, a discharge of 541 cfs 
05.66 
and therefore the value of B at the end of the first interval is 
9.724 

= 0.6876. 
V 200 
second, third, ete., intervals are obtained. 

5 The change in velocity during the first interval is then esti- 
mated. Since there are four intervals in the closure, this velocity 


is found. This corresponds to a velocity of 


Similarly the values of B at the end of the 


10.78 
change would be not greater than ie 2.695 fps, due to the 


slow motion of the gate at the start. Accordingly, the value 
selected would be somewhere between 0 and 2.695. Estimating 
this change at 0.330, the pressure rise during the first interval 


would be oe * 0.330 = 93.32 X 0.330 = 30.79 ft. This is 


entered in column 7 as hy. 
6 The total head at the turbine at the end of the first interval 
is then calculated as 200 + 30.79 = 230.79 and entered in 


column 4, 
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7 The velocity remaining at the end of the first interval 
is 10.780 — 0.330 = 10.450 which is entered in column 5. 

8 The value of B, corresponding to a head of 230.79 and a 
velocity of 10.450, is then calculated from Equation [14], 
= — 10-450 

V 230.79 
recorded in column 3, the estimate of velocity change, i.e., 0.330, 
is correct. If this value of B does not check the one already re- 
corded, a new estimate of velocity change is then made and the 
steps outlined are again taken, until a satisfactory check is ob- 
tained. 

9 Similarly the remaining figures in the table are filled out, 
remembering that Equation [23] should be used to obtain /,, i.e., 
the A, at the end of the third interval is calculated as follows: 

hy = 175.36 + 481.00 — 2 XK 206.15 + 2 X 30.79 = 305.64 


= 0.6876 and, if this value checks the one already 


TABLE 1 ARITHMETIC INTEGRATION 
(1) (2) (3) 

——— Time-—— —~ Gate 

Intervals Seconds I 


(5) (6) 
Velocity 


(4) 
Head 
H Vand AV 


Ah = 
93.32 AV 
0.7623 200.00 
30.79 
206.15 
481.00 


287 90 


0.6876 
0.4253 


230.79 
375.36 


0.1372 505.64 


0.0000 182.26 


GRAPHICAL METHOD OF ANALYSIS 


The graphical method (7, 8) of determining the water- 
hammer pressure in pipes is convenient for use in solving many 
problems which, with analytical methods, would require considera- 
ble time and labor. In general, the method involves the plot- 
ting of sets of simultaneous equations relating flow or velocity to 
head, and taking the form of a series of straight lines and a series 
of parabolas, the straight lines representing the pressure due to the 
direct and indirect water-hammer blows, and the parabolas repre- 
senting discharge through the turbine gates, considered during 
the disturbed regimen as a series of orifices under varying heads. 
The orifice relation is given by Equation [14] and, assuming 
that the penstock from turbine to forebay is uniform in thick- 
ness and diameter, as illustrated in Fig. 11, the water-hammer 
equation is given by 


a } 


Hat's — Han = (V — Vian) 


where 


Har 
Hy 2 


= head, in ft, at the gate end of the penstock at time ¢; 
= head, in feet, at forebay end of penstock at time t:;, 
interval) 
velocity, in ft per sec, at gate end of penstock at time 
ty 


Vari 


Using the zero subscript to indicate initial conditions, and lower- 
case letters primed to indicate head, velocity, etc., in terms of 
relative values. thus 


4 
he 
0 0 0 
10 0.668 30.78 
2.0 1.33 175.36 ee 
4.0 2.66 0.000 —17 74 
Vy,’ h’= H, and = —........... [25] 
0 0 By 
then Equation [14] becomes 
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and Equation [24] becomes 


h’Byj, — h'Ay = — 2p (v'By/, — v'Ag) 
h’Ag h'Bury, = + 2p (v’Ay v’By/,) 


where p is the parameter as given by Equation [7]. 

To solve Equations [26] and [27] graphically, a diagram as 
illustrated in Fig. 12 is constructed. The family of parabolas 
starting from the origin is first constructed. One parabola is 
made for each interval of time (or fraction of interval). In the 
diagram, the curve r’ = 1 gives the relation between h and v 
for the initial gate opening as in Equation [26], the curve 


for the gate opening at the end of the first interval, etc. From 
the point 1, 1 a line of slope (—2p) is drawn which intersects 


1 
ri = 1 ~s at Ay. This line represents the first straight line of 


Equation [27]. Then a line is drawn through A, with a slope of 
(+ 2) which intersects the line h = 1 at Byy,, etc. The co- 
ordinates of the points Aj, A,2, etc., indicate the head and 
velocity conditions at the turbine end of the penstock at the end of 
intervals 1, 2, etc., and the co-ordinates of the points By/,, Byr/,, 
etc., indicate the head and velocity conditions at the forebay end 
1 
2 etc. The pressure- 
time curve for the turbine end of the penstock is obtained by 
plotting the values of head at the points Ayo, Ayn, Aq, etc., against 


4L 
0, = = , etc., seconds, respectively. 


of the penstock at the end of intervals . 1 


Where friction is an appreciable quantity in relation to the 
total head on the turbine, it should be taken into account. This 
may be done graphically by assuming that the friction acts as 
though it were concentrated at one or more points along the pipe. 
The greater the number of points selected for concentrating the 
friction, the greater the accuracy obtained. Usually it is suf- 
ficiently accurate to assume that all of the friction is concentrated 
at the gate or valve. 

Fig. 13 illustrates the method of taking account of friction on 
the assumption that it acts at the turbine end of the conduit. 
The parabolas, representing the discharge-head relations for the 
various gate positions at interval points during the closure, are 
first drawn and then the line OA is drawn below the X axis by the 
amount of the friction loss in the conduit. Thg diagram is then 
begun at the point C which is located on the X axis and directly 
above the point B which is at the intersection of the parabola 
for the initial gate opening and the friction curve. The line DC 
is drawn through C with the slope of —2p, and then the line EB 
is drawn below DC by the amount of the friction loss. This line 
intersects the parabola for the end of the first interval at F. 
A vertical line through F intersects DC at the point G which 
gives the velocity and head conditions at the end of the first 
interval. The same procedure is followed for succeeding inter- 
vals, as shown by the diagram. 


APPROXIMATE EQUATIONS FOR WATER HAMMER IN PENSTOCK 
Surce Tank 


In the case of a hydroelectric plant supplied with a surge tank, 
the water-hammer pressures which may take place in the pen- 
stock or pipe line, due to tripping the load off the station, may 
be determined by close approximation by the formulas of Calame 
and Gaden (9), and (10). By the ingenious use of a number of 
parameters or “‘relative values,” these authors have reduced con- 
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siderably the work formerly required for a solution of this prob- 
lem. 

The water-hammer pressures in the system should not be 
confused with the more or less gradually changing pressures 
caused by the mass oscillation of the water which takes place 
over a much longer period than that associated with the normal 
timing of the gate stroke. The pressure rise due to mass 0S- 
cillation may be larger or smaller than that due to water hammer 
and should also be investigated to see which is controlling for the 
proper design of the pipe. , 

In the following analysis, it is assumed that the governor time is 
greater than the period of the penstock (u,). Also the effect of 
friction is neglected. 

Fig. 14 shows a typical surge-tank installation, with pipe line 
a, tank b, penstock ¢, and turbined. The following list of sy™- 
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bols refers to this diagram. If there is more than one penstock, 
the group may be considered to be reduced to a single penstock 
with equivalent values of a,, Vco, etc. 


Let 


L, = length of pipe line along its axis from forebay to surge 
tank, ft 
L, = length of surge tank along its axis measured from 
intersection of axes of riser and pipe line to initial 
water surface in tank, ft 
length of penstock along its axis from surge tank to 
turbine, ft 
velocity of pressure wave in pipe line, fps 
velocity of pressure wave in surge-tank riser, fps 
velocity of pressure wave in penstock, fps 
initial velocity in pipe line, fps 
velocity in riser of surge tank corresponding to initial 
flow in pipe line, fps 
initial velocity in penstock, fps 
period of pipe line, (sec) = a 
a 


2L 
period of surge tank, (sec) = — 


2L 
period of penstock, (sec) = — 


a, Veo 
29 
as Vio 
29 Hye 
de Veo 
29 Hy 
Qe Veo 
29 Ho 
Hoy + hg max 
Hy 


Ky 


= ratio of maximum total head at 


max = 
turbine with respect to initial 
head on turbine 


hg mex 


(Z", mx —1) = = maximum pressure rise at turbine in 


terms of total head H, 


T = governor time, sec 


= ratio of maximum total head at surge 


tank with respect to initial head at 
tank 


Subscript 0 refers to initial conditions, subscript a to the pipe 
line, b to the tank, and d to the turbine. 

The pressure rise at the lower end of the penstock is deter- 
mined approximately as follows: 


1 If Kg < 1, the pressure rise is a maximum during the first 
Interval of u, and 


2K4/N. 
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2 If Kg > 1, the pressure rise tends toward a maximum of 
(274 max — 1) = 


The value of Z*zmax in Equations [28] and [29] for a particular 
installation may be evaluated by reference to Figs. 15 and 16, 
respectively. 

The pressure rise at the base of the surge tank may then be . 
calculated as follows: 

1 If M,—M,—1> 0, the maximum rise occurs during the 
first interval and may be expressed as 


( max ~~ 1 
K.u M, + M, +3 


2 If M, — M, — 1 < 0, the maximum rise occurs during 
subsequent intervals, and the maximum pressure rise may be 
calculated from 


(2,—1) = 


NUMERICAL EXAMPLES 


Ezample1. Pressure Rise With Uniform Gate Motion Friction 
Neglected. 

Assuming uniform gate motion and a straight-line relation 
between gate opening and discharge, find the rise in pressure at 
the turbine if the penstock velocity is reduced to zero with the 
following initial conditions and physical constants given. Also, 
plot the pressure-time curve to cover the duration of closure and 
the first few afterwaves. 

L = length of penstock = 805 ft 
Ve = penstock velocity = 8 fps 
H, = head = 160 ft 

T = time of closure = 4 sec 

a = 3220 fps 


From Equation [1] 
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from Equation [9] ' The maximum pressure rise is therefore 


hoax = 218.1 — 160 = 58.1 ft, or 36.3 per cent 


This pressure occurs between the 5th and 6th intervals, as deter 
mined by the S lines on the chart. 
2 Solution by graphical method (see Fig. 17): 


and from Equation [8] 


wi =2.5 Compute the parabolas determined by Equation [26] for 
29H, 2X 32.2 X 160 values of r’ of 1, 0.875, 0.75, 0.50, 0.375, 0.25, and 0.125. These 
1 Soiution by Allievi chart for maximum pressure rise (Fig. curves are marked Ou, lu, 2, ete. The series of straight lines 
4): ; is drawn with alternate slopes of +5 and —5, and intersect the 
The maximum pressure-is found by obtaining the value of Z? parabolas and the line h = 1 at the working points. The points 
when @ = 8, andp = 9 5 and, from Equation [10], is 1, 2, 3, 4, ete., indicate the values of h at the turbine at the end of 
intervals 1, 2, 3, 4, ete., respectively. The maximum pressure is 

Ho + hms = 1.363 X 160 = 218.1 ft shown to be 
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1.365 X 160 = 218.4 ft 
and the maximum pressure rise is 
218.4 — 160 = 58.4 ft or 36.5 per cent 


The maximum pressure is shown to occur between the filth and 
sixth intervals. Fig. 18 shows the relation of pressure at the 
turbine and time during, and for a short time after, the gate 
closure. The time and pressure values are taken from the upper 
set of working points in Fig. 17. It should be noted that the 
points 8, 9, 10, 11, ete., are for conditions immediately follow- 
ing the gate closure and show the afterwaves of the pressure 
diagram. 

Example 2. Pressure Rise With Nonuniform Gate Motion, 
Friction Neglected. 

With a rate of gate closure and a discharge-gate relationship, 
as shown in Fig. 19, find the maximum pressure rise at the turbine 
for full load thrown off in 2.66 sec, assuming a flow of 600 efs 
corresponding to full load, a head of 200 ft operating at the 
turbine, and the penstock conditions given in Table 2. 


rABLE 2) PENSTOCK CONDITIONS FOR EXAMPLE 2 


Section of penstock 1 4 3 1 
Diameter, d, ft..... 9 9 8.5 8 
Length of section, ft... 100 200 300 400 
Thickness, ¢,in...... 1/2 3/4 3/4 3/4 

216 144 136 128 
262! 2990 3050 3100 
63.6 63.6 56.7 50.3 


Velocity for Q = 600 efs 9.44 9.44 10 58 


From Equation [3 } 


300 XK 9.44 + 300 XK 10.58 + 400 X 11.93 


Vo = - = 10.78 fps 
1000 
From Equation {10} 
1000 100 200 300 400 
2625. 2990-3050 3100 


Average a = 3005 fps 


2L 2000 
a 3005 


= ().665 see 


2.66 


= 
0.665 


The values of r’ (see Equation [26]) are first obtained for as 
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many points along the gate curve as desired, in order to plot the 
parabolas shown in Fig. 20. These values are obtained, as 
shown in Table 3, for every half interval of time during the 
closure. With these values of r’ the family of parabolas as shown 
may be drawn, and then the straight lines of slope plus and minus 


3005 X 10.78 


= 5.026 
32.2 X 200 


<p 


are drawn. 


TABLE 3) VALUES OF +’ FOR HALF INTERVALS DURING GATI 
CLOSURE 
opening, 
_ -Time per cent Cfs 
Interval Sec (from Fig. 19) from Fig. 19) v 7’ 
0 0 100 10.78 1.000 
0.5 0.333 93 10.50 0.975 
1.0 0.665 80 9.72 0.902 
1.5 1.00 63 8.16 0.757 
2.0 1.33 16 6.01 0.558 
2.5 1.66 9 3.77 0.350 
3.0 2.00 15 1.94 0.180 
3 2.32 5 0.63 0.059 
4.0 2 66 “ 0.00 0.000 


| 
& 
1 2 4 S 
TIME~ SEC. 
Fig. IS) Pressure-Time Curve ror Prosiem | 
TOTAL TIME 2.66 SEC. 


| | EQUIVALENT TIME 1.90 
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The maximum pressure is shown to be 
2.525 X 200 = 505 ft 
The maximum pressure rise is 305 ft or 153 per cent. 

It should be noted that, if the Allievi chart is used to deter- 
mine the pressure rise by using the “‘net equivalent time” of gate 
closure, as shown in Fig. 19, and as discussed in the section on 
“Gate Motion,” we obtain 

1.56 


= —— = 2. 
0.665 


3005 X 10.78 

and a pressure rise of 400 ft (instead of 305 ft) which is con- 
siderably on the safe side for design purposes. This particular 
example was chosen to emphasize the statement made under 
“gate motion” that the use of the approximation of ‘‘net equiva- 
lent time” gives an approximate result and that, if an exact 
answer is required, the rigorous solution as just shown should be 
used. 

Example 3. Pressure Drop With Uniform Gate Motion and Fric- 
tion Neglected. 

Assuming uniform gate motion and a straight-line relation 
between gate opening and discharge, find the fall in pressure at 
the turbine if the penstock flow is increased from zero to 600 cfs in 
the case of the turbine installation described in Example 2. A+- 
sume 

T = 3.66 seconds for the opening stroke of the governor 

The maximum fall in pressure may be found by obtaining 
the value of Z* in Fig. 5, for the proper values of 6 and p. In 
3.66 
0.665 
0.58; the minimum pressure 0.58 X 200 = 116 ft; and the fall in 
pressure 84 ft or 42 per cent. 

Example 4. Pressure Rise at Turbine and at Base of Surge Tank. 

Data: Head at turbine = 266.3 ft 
Head at base of tank = 213.2 ft 
Initial flow = 1650 cfs 
Closing time = 6 sec 


this case 6 = = 5.5, and p = 1.513. Term Z? is therefore 


Pipe line Surge tank Penstock 
L, = 11850 ft L, = 213.2 L, = 250 
a, = 2400 fps a, = 2400 a, = 2400 
D, = 14 ft D, = 10’-8"” D, = 13'- 9" 
A, = 153.94 sq ft A, = 89.42 A, = 151.98 
Vas = 10.72 fps Voo = 18.45 74 = 10.86 
le = 9.88 sec uy = 0.178 ue = 0.208 
a, Vao ap Vio Va 
29 Hi 29 Heo 
_ 2400 X 10.72 2400 X 18.45 ce 2400 XK 10.86 
64.4 X 213.2 64.4 X 213.2 64.4 X 213.2 
= 1.874 = 3.225 = 1.898 
N = = bo 28.85 number of intervals 
0.208 
2400 10.86 
Kg 0 = 1.520 


99 Hy 64.4 X 266.3 


K, > 1, therefore the pressure rise at the lower end of the pen- 
stock is determined by using Equation [29] or Fig. 16. 


1.520/28.85 
1—K,/2N,  1—1.520/2 X 28.85 
0.0527 
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Fig. 20 SoLuTiIoNn or Prosiem 2 


K, 1.874 
M, = — = = 0.5 
K, 1.874 
"in 


M,— M, — 1 = 0.581 — 0.987 — 1 = — 1.406 


M,—M,—1< 0, therefore the pressure rise at the base of the 
tank is determined by using Equation [31] 


1.874 X0.1 0541 
Kate ( 1874 X0.178 0.054 
Kau M, 1.520 X 0.208 ~ 0.581 

= 0.0982 


The pressure rise at the lower end of the penstock is 0.0541 X 
266.3 = 14.4 ft, and the pressure rise at the base of the tank 
0.0982 K 213.2 = 21.0ft. 
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Discussion 


R. W. Ancus.‘ ‘Early in the paper the author refers to the 
changes in velocity in the part of the system between the forebay 
and the surge tank as causing water hammer, but there is a dis- 
tinction between what happens in the ‘‘conduit”’ just referred to 
and the penstock. Inthe former, a mass movementof the water 
always takes place, and it is always possible to treat the water 
and pipe walls as inelastic, except in the unfortunate case where 
the surge tank is separated from the conduit by a long small pipe; 
in the penstock for complete closure there is no mass movement 
and the elasticity of the parts must be allowed for. While a 
similar treatment may be applied to both parts of the plant, there 
is a distinct difference in the principles involved. 

The author’s Equations (3] and [10], respectively, for pre- 
liminary values of effective pipe velocity and effective wave 
velocity in tapered pipes, are in common use and save a great 
deal of time in such cases, but the writer knows of no proof of 
their accuracy and asks if the author does. No matter what 
method is used in computing water-hammer pressures, it is al- 
ways tedious to take accurate account of changes in diameter, 
and these formulas enable the pipe to be treated as a simple one; 
for accurate results, however, the complete calculation should be 
made. 

The writer has checked the accuracy of Equations [3] and [10] 
in case of the compound pipe discussed in a paper by Billings, 
Dodkin, Knapp, and Santos, and published in the Symposium on 
Water Hammer.® The pipe had a horizontal axis and consisted of 
354 ft of pipe 0.655 ft diam attached to a reservoir and joined at 
its outer end to 1630 ft of pipe 0.394 ft diam; the outlet of the 
smaller pipe was equipped with a control valve, the head was 328 
ft, and friction was neglected. The steady velocities in the pipes 
were 0.91 fps and 2.52 fps, respectively, and the values of a were 
4440 fps and 4180 fps in the large and small pipes, respectively. 

Using the Equations [3] and [10] of the paper, the ‘‘equivalent 
simple pipe” would have a velocity (0.91 X 354 + 2.52 X 1630) 

‘1984 = 2.233 fps, and a value of a of 1984/(354/4440 +1630 
/4180) = 4224 fps; its length would be 1984 ft and the pressure- 
wave interval 2 X 1984/4224, or 0.939 sec, while p would be 0.447. 

The closing of the gate is linear in 2.20 sec in each case. 

In Fig. 21 of th‘s discussion, the writer has plotted in solid lines 
the results he obtained on the pressure rise at the gate for the 
“equivalent simple pipe,” and in dotted lines the values given in 
the previous paper® for the actual pipe. The agreement is exact 
for the maximum pressure and is fairly close for all the lengths of 
the curves. 

The writer has never found it necessary to try to establish a 
“net equivalent time’ of gate closure where the latter moves in an 
irregular way, as shown in Fig. 9 of the paper. It is always a 
simple matter to take account of any type of gate motion, and it 
should be done, since the pressure rise is very sensitive to the 
shape of the “‘time-gate” curve. In the numerical calculations 
made by the author, there is no difficulty in using the actual, in- 
stead of the modified form of gate-closure curve. 

The writer does not think the Allievi diagrams in Figs. 3, 4, 
and 5 of the paper are very helpful in practice with our present 
knowledge of water hammer. Nobody has greater admiration 
than the writer for the work of Lorenzo Allievi and for the con- 
tributions he has made; he entered a practically unknown field 
and left a series of elegant solutions to a difficult problem. Allievi 
confined his attention to the simple pipe and to uniform gate 
closure, and the writer has found that with beginners this method 
is instructive and lends itself to a series of diagrams such as the 


‘Professor Emeritus of Mechanical Engineering, University of 
Toronto, Toronto, Ont., Can. Honorary Mem. A.S.M.E. 
’ Refer to author’s Bibliography (3) 


cS 2 seconds 


Fig. 21 Pressure Rise at Gate 


(Dotted curve is for actual compound pip>, and the curve in solid 
line is for the “‘equivalent simple pipe.’’) 


author has included. They stimulate interest in the subject, and 
are of great importance if for no other reason. But Allievi’s 
assumptions are rarely, if ever, realized in practice, and the type 
of gate closure has a very great effect. Further, the graphical 
method® enables a problem to be solved (if Equations [3] and 
{10] are used) in a few minutes, with a high degree of accuracy, 
with any possible type of gate motion. 

The author has shown that, in his Example 2, the charts indi- 
cate a pressure rise of 400 ft, while he estimates the correct rise 
to be 305 ft, so that the chart is quite inaccurate in this case. 

It hardly seems desirable, therefore, to bring out these charts 
again even for preliminary work. With a small drafting board, 
or a pad of cross-section paper, the correct diagram for each 
case is easily drawn, although attention should be given to scales 
if acute intersections of lines are to be avoided. 

Equations [28] to [31] of the paper are based on the deductions 
of Allievi and apply to linear gate closure, so that they also should 
be accepted with reserve. The solution of this problem with any 
type of gate motion may be made by the graphical method, as 
explained previously by the writer.?7. While convenient solutions 
are available it does not seem desirable to use methods limited to 
special cases different from those being examined. In so far as 
formulas are used to give preliminary sizes of tanks, they are of 
great value, since otherwise the true size can be found only by re- 
peated trials, which is a very slow process. 

The graphical solutions given by the author have been pub- 
lished in various other papers and a fairly complete bibliography 
is given in the Water Hammer Symposium,‘ and in a paper of the 
writer,® among other sources. The writer hopes that the Water 
Hammer Symposium will be reprinted in revised form, and that 
before too long the principal papers dealing with this subject will 
be available in one publication. 

In considering water hammer in power plants, the effects in the 
draft tubes may be serious, relative to those in the penstocks. 
Cases are not unknown where the entire rotating element has 
been lifted by the pressure rise in the draft tube, and therefore 
the penstock and draft tube should be considered at the same 
time. The writer has shown one method of dealing with this 
matter.’ 


C. R. Martin. For many years the writer’s company has 
used the arithmetic-integration method for solving the problem 


¢ Refer to author’s Bibliography (7). 

7 ‘Water Hammer Pressures in Compound and Branched Pipes,”’ 
by R. W. Angus, Trans. A.S.C.E., vol. 104, 1939, p. 340. 

8 Engineer, Hydraulic Department, Allis-Chalmers Manufacturing 
Company, Milwaukee, Wis. Mem. A.S.M.E. 
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of pressure changes and speed regulation as developed originally 
by Mr. Gibson and later further explained by Mr. Strowger, 
Mr. Kerr, and other commentators. 

It is our practice to prepare a complete table for each calcula- 
tion of pressure and speed rises, with the addition of one extra 
column to show the unit speed at 1-ft head for each interval of 
time. The unit-speed column is for the purpose of correcting the 
turbine efficiency for changes above and below normal speed. 

\s pointed out by the author, it is necessary to consult with the 
turbine manufacturer for final curves to show the relationship be- 
tween gate motion, discharge, horsepower, and efficiency all 
based upon time in seconds. 
use that portion of the gate motion between the synchronous- 
speed no-load gate and the maximum gate opening. With present 
turbine designs, the gate motion is identical with the stroke of the 
servomotor. A rate-limiting device used in connection with the 
governor can always be set to produce this relationship. 

Governor regulating valves, in most cases, are made to respond 
immediately to a change in speed, or at least within 0.01 per 
cent, which is the governor sensitivity obtained with present-day 
governors. The top portion of the curve, as shown in Fig. 7 
of the paper, can be constructed on the basis of allowing 1/4 sec 
to obtain the rate of travel as specified for the governor-operating 
time. If astraight line is drawn from this point of intersection for 
100 per cent gate opening and !/,-see time to the intersection of 
the gate opening at synchronous speed no-load and the full 
governor operating time, a correct relationship will be established 
between these points. The top portion of the curve can be con- 
structed by drawing in an are of a circle tangent to the straight 
line and passing through the 100 per cent gate opening, locating 
the center of the are on the zero line for time in seconds. The 
interval of time between the actual speed change and the start 
of the servomotor stroke is so small that it need not be con- 
sidered in speed-regulation calculations. The gate position for 
synchronous speed no-load is one that must be furnished by the 
turbine manufacturer, as this may vary from 2 per cent as the 
lower limit to as much as 30 per cent of full-load gate position, de- 
pending upon the type of turbine and the variation in head under 
which the turbine will operate. The lower figure would apply to 
high-head turbines, while the higher figure is commonly experi- 
enced with propeller-runner installations. 

In speed-regulation and pressure-rise calculations, the governor 
operating time should be defined as ‘‘the time consumed in mov- 
ing the gates from synchronous speed no-load to full gate open- 
ing,” and vice versa, for the reason that it is necessary to throttle 
the discharge from the servomotor between the synchronous- 
speed no-load gate position and final closure to avoid slamming 
of the gates. Otherwise, it would not be possible to carefully de- 
sign a predetermined breaking point in the gate linkage. This 
slow travel does not affect pressure rise and speed regulation and 
ean safely be disregarded. The time consumed in the final 
«losure may equal or exceed the total governor-operating time. 

Where extreme head-water elevations are encountered, pres- 
sure-rise and speed calculations should be made to cover the entire 
range of head variation. For example, if the governor time is set 
for 5 see for normal operating-head conditions, it sometimes 
happens that the maximum head may be 50 per cent greater, and 
the governor-operating time may be reduced for the higher head 
condition. We may have a 3-sec governor closing time as the 
gate opening may be only 60 per cent of the full gate. Many 
times the normal rating is fixed at approximately best efficiency 
ander normal head in order to provide for greater unit power 
under low-head conditions. Most of our high-head plants as now 
built must be designed to operate under wide range of head. The 
result is that we have a change in governor time and penstock 


It is considered necessary only to 
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velocity for the different head conditions, which should be giver 
consideration. 

The manufacturer has found that pressure changes must b« 
considered at three different points, namely, pressure change on 
the penstock, at the contraction of the speed-ring throat, and on 
the discharge side of the runner. The penstock manufacture: 
wants to know the pressure rise pertaining only to the penstock., 
and the waterwheel designer must design for the maximum pre- 
sure rise in the speed ring. The maximum pressure effect on the 
runner must be calculated to determine the horsepower input and 
corresponding speed rise for load-off conditions. To obtain thi- 
figure, the vacuum produced in the draft tube must be carefully 
analyzed and due consideration given to the surge effect or the 
negative pressure created to absorb the momentum of the wate: 
column. This consideration has led to further study in the 
matter of draft-tube design. It is quite possible that the short 
form of draft tube, of the straight conical type with flaring dis- 
charge, as exemplified by the hydraucone, could be profitably 
used for some of our low-head-turbine installations. 

While it is true that the change in the velocity of the wav 
does not materially affect pressure rise, it should be pointed out 
that with a lower value of a, we shall have a lower pressure rise fo: 
instantaneous gate movements and therefore less possibility 
destructive pressure rises. 

By making the complete calculations for pressure rise and 
speed regulation, we can plot curves for pressure rise, velocity, 
and speed change. Electrical designers are now requiring tha! 
they have information on the rate of speed change, as this rate 
affects the design of the generator-excitation system, When ful 
load is thrown off the generator, they have the problem of limiting 
the maximum voltage, and therefore must know the speed 
characteristics of the unit. 

Regulation guarantees are based upon load thrown off from the 
fixed gate opening to the -ynehronous-speed no-load gate pos) 
tion. This does not mean that the same speed rise would be ob 
tained for throwing off fractional loads, starting at full gate oper 
ing. For example 25 per cent load-off from approximately 25 pe: 
cent gate position to synchronous-speed no-load position may 
only mean 2 per cent rise in speed, but this same amount of load 
thrown off from full-gate position to approximately 75 per cen! 
gate may in extreme cases mean a 10 per cent rise in speed 
Generally speaking, it is only practical to take on a maximum ©! 
50 per cent load with a unit operating alone. 

The writer feels that the author and his associates have done « 
great service to the hydraulic-engineering fraternity in so abl) 
analyzing the problem of pressure changes and speed regulatior 
The turbine manufacturer is concerned only with the turbine di: 
sign and is therefore in no position to furnish information be- 
yond that for his own particular turbine. The economy of a hy 
droelectric plant is so involved in the full consideration of pre~ 
sure changes and speed regulation that a complete solution ev! 
only be effected by engineers skilled in this work. 


L. F. Moopy.® This paper should be of value to the enginee! 
who has not specialized in water-hammer theory. The literatur: 
on the subject is so scattered that a concise explanation of th 
application of the principles to problems of frequent occurrence |- 
a most useful contribution. One of the most helpful publication- 
in this field was the Symposium on Water Hammer.? It would lx 
a useful project for our Water Hammer Committee to bring it u) 
to date, amplify it, and republish it. The present paper al» 
contains some new material, particularly a convenient exter 
sion of the Allievi charts for uniform closure. 

The writer notes a few minor points which may be worth con 
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sidering: Under ‘Fundamental Relations,” the third sentence 
ay not convey to some readers a clear idea of the nature of 
the “reflection” of the pressure wave. It states that upon an in- 
-tantaneous closing motion of the gate at the outlet of a pipe— 
“the positive wave resulting therefrom travels up the penstock 
to the forebay and, upon reaching the forebay, it is reflected back 
from the open end of the pipe as a negative wave which travels 
back to the turbine and which has the same magnitude as the 
positive wave.” The action may be viewed as a negative wave 
superposed on the initial positive Wave; or it may be explained as 
follows: On reaching the forebay the pressure rise is released into 
the forebay and extinguished, and a wave of zero pressure rise 
ind negative velocity change is propagated back to the gate. 
When this wave of pressure extinction reaches the gate, the nega- 
tive velocity change is suddenly stopped and a pressure drop 
weurs Which has the same magnitude as the original pressure rise. 
The result at the gate is a reversal of the pressure rise, as stated. 
\t an intermediate point between forebay and gate, however, the 
pressure rise is not immediately reversed or “reflected,’’ but an 
ntermediate interval of zero pressure rise occurs. 

The method of arithmetic integration illustrated in the paper 
vas perhaps selected as requiring & minimum of explanation. It 
vill be noted, however, that at one point 

is then estimated,” thus requiring : 
ipproximations at each step. 


“the change in velocity 

guess and successive 
Probably, with the author's skill 
ind experience, he can make a close approximation at each point. 
lt would greatly improve the procedure to carry out the graphical 
method first, and then the arithmetic integration would serve to 
‘heck or to amend the graphical values in case the graphical work 
had not been carried out with sufficient accuracy. 

If a purely arithmetic method is to be used, the writer prefers 
the Quick method,” which gives a complete algebraic solution at 
each step without approximation, and requires only a limited 
uumber of steps. However, the graphical method, adequately ex- 
plained in the paper, has so many advantages in simplicity of use 
ind in visualizing the process and results, that its use is urged as 
the primary method. It requires careful construction, just as the 
irithmetie methods require close calculation, but it is simple to 
ipplyand is readily adapted to many special problems,as shown by 
Professor Angus in a number of papers. It is of interest to men- 
tion that this method was originally developed and published by 
Dr. Robert Lowy.! 

The paper covers many engineering applications such as 
problems involving wood-stave pipes, turbine-governor control 
The 
numerical examples are particularly helpful, as are the author’s 
methods of handling complex features by satisfactory simplifying 
issumptions. Naturally, some of the details may be open to 
irgument or refinement; but this does not detract from the use- 
fulness of the contribution. 


i gate motion, and systems containing surge tanks. 


AUTHOR'S CLOSURE 


The paper was intended as a review of the subject of water 
iammer with emphasis on the practical requirements of the engi- 
iwer in solving expeditiously some of the simpler water-hammer 
problems occurring in hydroelectric work, either where the final 
lesign of the project is being considered or in connection with 
rough estimates of projects where no detailed information is as 
vet known of the turbine characteristics. 

The author is indebted to Professor Angus for pointing out the 
‘listinction between what happens in the conduit above the surge 
tank and in the penstock and for thus amplifying the author’s 
statement as to avoiding confusion between the mass oscillation 

‘See author's Bibliography (4). 
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of the water (between forebay and surge tank) and the water 
hammer in the system. 

It is reassuring to know of the close check Professor Angus has 
obtained on the accuracy of Equations [3] and [10] in the case he 
has cited. Proof of Equation [3] comes from Newton’s second 
law of motion applied to the momentum of the water flowing 
in a pipe of variable section and the impulse required to produce 
this flow. The equation is employed to arrive at the proper value 
of initial velocity to be used for the pipe as a whole in treating 
it as a simple conduit. Equation [10] is based on adding 
the time of travel of the wave in each section to obtain the total 
time of travel for the whole length of pipe and is used to arrive 
at the composite value of the velocity of the pressure Wave. It 
seems to the author that the possible error in treating the pipe as a 
simple conduit comes from assuming the lower end of the pipe 
as of the same diameter as the upper end, thus showing for the 
usual case of tapered penstock too slow a pressure build-up (as 
indicated in Fig. 21) and from ignoring the partial reflection~ 
taking place from points of change in section. Where there are 
marked changes in v or a and where the governor time is very 
short, it is desirable for accurate work to use the graphical method. 
For ordinary ‘‘governor times’”’ the author has found the agree- 
ment close enough for the cases he has investigated to warrant the 
use of the equivalent pipe method. 

It is always desirable, where extreme accuracy is required, to 
use the actual gate motion as shown by the author’s example. 
Also where this accuracy is required other factors such as those 
pointed out below should be taken into account. The graphical 
work can usually be done in the office but where manufacturers 
are making preliminary proposals for projects or where the engi- 
neer in the field is called upon to make a quick calculation of 
water hammer, the “‘net equivalent time” method is useful, par- 
ticularly when the time of gate stroke is of normal value. The 
use of the net equivalent time results in conservative values of 
water hammer and allows for such factors as: (a) The influence 
of the speed-discharge characteristic of the runner; (6) the pos- 
sible increased part gate discharge due to abnormally high heads; 
(c) possible change in governor characteristics due to wear, ete. 
The approximate answer of 400 ft in Example 2 was accordingly a 
result of the conservative method used in order to arrive at a 
practical answer taking into account the vagaries of the gate 
stroke rather than to any inaccuracy in the Allievi charts. It 
might be pointed out that if one is looking for a close check with 
the theoretical application of the charts without making allow- 
ance for these factors, the equivalent time should be used. The 
result, however, may be somewhat on the low side. 

Referring to the Allievi charts, the author has found them to 
be very useful in estimating work where no detailed information 
was as yet available on the gate stroke. In these cases the charts 
determine the basic result to which a percentage may be added 
if desired to allow for nonuniform gate stroke and for other factors. 

Professor Angus quite properly points out that Equations [28 | 
to [31] of the paper are based on linear gate closure and that their 
value is more or less limited to use in connection with the deter- 
mination of preliminary tank sizes. As just pointed out, due 
allowance may be made in the computations for the final design 
for nonuniform gate motion and other factors. 

Professor Angus has succeeded in extending the application of 
the graphical method beyond the simple case to many problems 
which would be very difficult to solve analytically. One of these 
is in connection with the pressure changes in the draft tube where 
the length of draft tube is relatively great such as is frequently 
the case with propeller-runner installations. 

Mr. Martin, as a turbine builder, very aptly reminds us of 
several factors to be taken into account when dealing with a 
practical installation. One of these is the correction of turbine 
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efficiencies for changes above and below normal speed referred to 
by speed- discharge characteristic of the runner. As the turbine 
speeds up upon rejection of load, the discharge is modified in ac- 
cordance with the turbine discharge speed-characteristic, or to 
state it more technically, the change in speed changes the ¢ or 
rpm values and affects the rate of change in discharge. In many 
cases the effect of the change in speed is not very large but there 
are cases when it may be of considerable importance. Fora more 
complete discussion of this factor, reference is made to a former 
paper!? by the author. 

Mr. Martin gives us a practical method of constructing the 
gate motion-time curve and points out the necessity of deter- 
mining the gate position for the synchronous speed no-load point, 
particularly for propeller runners where the speed-no-load point 
may be as high as 49 per cent of full load position. The definition 
given by Mr. Martin of the governor operating time is useful in 
showing how one manufacturer has determined the time factor for 
design purposes. 

As mentioned previously, the influence of the critical head con- 
dition should be kept in mind. In the case of the plant with a 
large reservoir drawdown, it is desirable to investigate the pres- 
sure rise for the complete range of heads for the governor timing 
specified er anticipated. 

Mr. Martin points out several other factors of design influenced 


12 Relation of relief value and turbine characteristics in the de- 
termination of water hammer, by Earl B. Strowger, Trans..A.S.M.E. 
vol. 59, 1937, pp. 701-705. 
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by the water-hammer characteristics of the installation to which 
designers and manufacturers are giving their attention. One of 
these is the surge effect in the hydraulic system caused by load 
changes, including the negative surge in the draft tube, particu- 
larly in low-head installations. Another is the design of the 
excitation system on the basis of the prime-mover speed char- 
acteristic upon rejection of load. This is in the field of regula- 
tion but involves the determination of water-hammer pressure. 

The author quite agrees with Mr. Martin that the complete 
solution of pressure changes and speed regulation is the responsi- 
bility of the engineers in charge of the design of the project. 

The author is indebted to Professor Moody for clearing up the 
description of the phenomenon of pressure waves, i.e., by intro- 
ducing the concept of pressure-wave extinction followed by a 
pressure drop. 

The author also recommends the Quick method of computing 
water hammer and has used it in many instances and in general 
prefers it to the arithmetic-integration method. In writing a 
treatise on the subject instead of a short article, the Quick method 
should certainly be included. The arithmetic-integration proc- 
ess was used in the paper in order to explain the phenomenon of 
water hammer step by step and as an introduction to the graphical 
method. 

The author wishes to thank the discussers for their useful con- 
tributions and also to thank Dr. Robert Lowy for presenting the 
paper at the meeting in New York. 
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Electronic-Type Instruments for Industrial 


Processes 


By P. S. DICKEY! ano A. J. HORNFECK,*? CLEVELAND, OHIO 


This paper describes a new type of measuring and con- 
trolling instrument for general process work. The authors 
discuss the use of electronic equipment in fields of meas- 
urement where mechanical or electromechanical instru- 
ments have previously been employed. Typical measur- 
ing circuits for different problems are illustrated. Equip- 
ment for automatic computation of the results obtained 
from several primary measurements is discussed. Sim- 
plification and standardization of instruments for process 
control through the use of electronic devices is stressed as 
the important advantage of the equipment described. 


describe the class of instruments suitable for measurement 
and control of industrial processes. All manner of measur- 
ing devices have been employed to improve the productive ca- 
pacity and productive efficiency of the industrial machine which 
provides the necessities and the luxuries of our living. However, 
it is usually possible to make a distinction between those instru- 
ments which because of their complexity, delicate construction, or 
susceptibility to external disturbances must be classified as 
laboratory equipment and the more sturdy class of indus- 
trial instruments which are used as continuous operating 
guides, 
The industrial instruments can be identified by the following 
important design features: 


i discussing this subject, it is first necessary to define and 


Sturdy construction. 

Reliable performance. 

Continuous operation for long periods, 
Permanence of calibration. 

Simple and inexpensive maintenance. 
Adaptability to automatic control. 


our WON 


Instruments involving electronic devices, if properly designed, 
fulfill the foregoing requirements admirably and in addition 
provide many other desirable features for general process-control 
work, 


1 As aresult of extensive developments over the years, stand- 
ard electronic tubes and associated devices are available which 
are capable of withstanding severe vibration, shock, and other 
deleterious external effects. Particularly as a result of aircraft, 
military, and naval requirements of the last few years, electronic 
devices have become available which are capable of withstanding 
not only vibration but a very wide range of ambient temperature 
and humidity conditions. 

2 Theextensive use of, and complete dependence upon electron 
devices by the armed forces is ample proof that this equipment 
is reliable enough for general process-control work. Men who 
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have staked their lives on proper performance of electronic de- 
vices will use this equipment with confidence in industrial work. 

3 Much of the auxiliary equipment used with electronic devices 
will outlast the instrument mechanism in normal service. Elec- 
tronic tubes have a limited life; but if the design is conservative, 
these tubes may be expected to operate for several years without 
replacement. In equipment designed independent of the tube 
characteristics the performance of the instruments will not be 
adversely affected by gradual deterioration of the tubes. During 
their working life it is possible at any time to predict the approxi- 
mate tube life :emaining by simple tests. 

4 Electronic instruments using the null-balance system, as de- 
scribed later in this paper, can be expected to maintain a high 
degree of calibration accuracy over long periods even though 
service conditions are severe. 

5 Electronic devices are adaptable to design involving pack- 
aged units of similar construction. Many of these units can be 
arranged for plug-in connection so that replacement requires only 
an easy exchange of simple and inexpensive parts. Thus main- 
tenance does not require superskilled technicians and does not 
involve costly repairs or extended periods of outage of the equip- 
ment. Many of the component parts are used extensively in 
other electronic devices and as a result are available at electrical 
supply houses. High volume production of these parts makes 
their cost low. 

6 Electronic-type instruments are especially well adapted to 
automatic-control problems because of the high speed with 
which measurements can be made. No mechanically or hydrau- 
lically actuated instrument mechanism can compare in speed of 
response with the control of electron flow in the electron tube. It 
is conceded that where motor-actuated balancing slidewires are 
used the full-scale deflection time is limited by the inertia of 
rotating parts in the system. However, since the basic measur- 
ing and controlling elements are free of inertia or friction no 
time lag is introduced because of these factors, as in the case of 
mechanical and hydraulic devices. Special designs of electronic 
amplifiers involving antihunt feedback are available to give 
high-speed full-scale deflection where necessary. 

Pneumatic or hydraulic control systems are often actuated 
by electronic instruments where it is convenient or otherwise 
advantageous. This is inherently sound since the measuring . 
apparatus is faster in response than the control system. Like- 
wise, electrically operated or electronically operated control 
systems can readily be connected to electronic-operated instru- 
ments with the advantage that the same class of equipment is 
used throughout. 

An added advantage of the electronically actuated instrument 
for general process work is that it is a simple matter to transmit 
measurements over considerable distances without serious sacri- 
fice in accuracy or speed of response. Multiple receivers at dif- 
ferent locations can be used to indicate or record the measure- 
ment of a single primary measuring element without loss of effi- 
ciency. 

Combinations of several variables to obtain totals, differences, 
ratios, ete., are quite simple measurements with this class of 
equipment and do not involve any special design of the units 
which make up the instrument. 


393 


pa 
at 
ES” 
= 
< 


TRANSACTIONS OF THE A.S.M.F. 


MEASURED OR CONTROLLED FACTORS 


A great many kinds of measurements are required for proper 
regulation of different industrial processes. Few industrial 
plants can be operated successfully without one or more measure- 
ments of the following factors: Temperature; pressure or vac- 
uum; fluid flow; liquid level; gravity or density; motion or 
position; light or color; viscosity or turbidity; conductivity or 
hydrogen-ion concentration; gas analysis; moisture content; 
calorific value; vibration or sound; stress or strain; hardness 
or internal structure; elapsed time. 

Without intending to discredit any of the many ingenious 
devices which have been built for measurement of the factors 
just cited, it is noted that practically any of these measurements 
can be made with the standard electronic-type instruments to be 
described. While primary devices for these measurements must 
be designed for the individual problem, the advantage of a single 
type of recording instrument requiring a few standard assemblies 
is obvious. 

The electronic amplifier and motor-control unit as described 
later, has ample sensitivity and stability for use in an instrument 
for most of the various measurements listed. Furthermore, an in- 
strument of this type can be of sufficiently sturdy construction 
to permit installation in unfavorable surroundings. It is reliable 
enough to be used for continuous measurement or control. 


Measurinc System—Avtromatic NuLL BALANCE 


The electronic instruments described in this paper are basically 
of the same general class. It is realized that electronic-actuated 
instruments of the null-balance type are electromechanical as 
well as electronic. However, the commonly accepted meaning of 
the term “electronic” is used here to describe instruments which 
depend in a basic way upon electron tubes for their operation. 
Fig. 1 is an elementary diagram of the fundamental system. 
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In this class of electronic instruments measurements are made 
by automatic and continuous balance of the null-type measuring 
circuit. The quantity is measured in terms of a reference po- 
tential, current, calibrated resistance, or impedance. The trans- 
mitter and the motor-driven follow-up together comprise the 
measuring circuit which may be a Wheatstone resistance bridge, 
an impedance bridge, or a potentiometer network. The quan- 
tity being measured is converted into a proportional electrical 
variable at the transmitter. For example, temperature is trans- 
lated into resistance by means of a platinum coil, or into a direct- 
current voltage by means of a thermocouple. The motor-driven 
follow-up may be a slidewire, a variable inductor, or a variable 
capacitor. The specific instruments described in this paper use 
a resistance slidewire as the balancing unit. 

The electronic amplifier detects and amplifies unbalanced 
voltages of the measuring circuit as produced by a change in the 
measured quantity. The amplified voltage applied to the motor- 
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control circuits causes the slidewire motor to rotate in such a 
direction as to rebalance the measuring circuit. Simultane- 
ously the motor may drive any or all of the following devices: 
An indicator, a recording pen, an integrating device, or a pneu- 
matic or electric control. 

This type of measuring system has the following characteris 
ties: 


1 The null-balance principle of measurement makes the ac- 
curacy an@ stability dependent only upon the calibrated compo- 
nents of the measuring circuit. Variations and aging of amplifier 
and motor-control-circuit components have negligible effect on the 
salibration. 

2 The electronic amplifier and balancing-motor control cir- 
cuit are continuously operative and respond instantly to changes 
in the measured quantity. Also, the speed of the balancing motor 
is approximately proportional to the amplifier input so that the re- 
cording pen or indicator pointer moves smoothly and in synchro- 
nism with changes in the measured quantity. 

3 The power actuating the recording pen, indicator, or con- 
troller is many times greater than the power expended in the 
measuring element. This power gain may be as great as 10" and 
makes possible the measurement of electrical or mechanical 
quantities at an extremely low energy level. For example, an 
unbalance of 10~° v in the direct-current potentiometer circuit 
results in a power input to the converter of 107! w and a motor 
power output of about 2 w. Since full torque is developed by 
the motor with a change of 1 per cent or less in the measured 
quantity, the accuracy of the system is practically independent 
of load or friction applied to the follow-up recording or indicating 
mechanism. 

MEASURING CIRCUITS 

Resistance Bridge. One of the most common circuits em- 
ployed is a modified Wheatstone bridge as shown in Fig. 2 
The primary measuring device is arranged to vary the value of 
resistance 7 in proportion to changes in the factor being meas- 
ured. Fixed resistances R, A, and B are designed to provide 
the proper range of measurement. The adjustment of the slide- 
wire contact on resistor S subtracts resistance from A and adds 
resistance to B, or vice-versa. Thus the bridge is balanced by 
adjusting the ratio of the bridge arms and since the slidewire 
contact does not carry bridge current, its resistance does not 
affect the calibration. 

An alternating-current supply is used for the bridge whic 
eliminates the need for a battery source of bridge voltage. 
Standard voltage cells and voltage standardization equipment 
are not required. The alternating-current bridge supply is 
taken from a transformer which is fed from the main power 
supply for the instruments. R 
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The foregoing circuit or some modification of it is ideal for 
measurement of temperature using resistance-temperature de- 
tectors, vacuum using the thermal-conductivity principle, con- 
ductivity, gas analysis, and many other factors where the con- 
dition being measured can be proportioned to a variable resist- 
ance. 

Impedance Bridge. A second cireuit which is commonly em- 
ployed is the impedance bridge, one type of which is shown in 
Fig. 3. 
is supplied from the line is used as a transmitter. 


In this case an adjustable transformer whose primary 
The core of 
this transmitter is moved by the factor being measured and the 
position of the core determines the magnetic-flux linkage be- 
tween the primary windings and the two secondary windings EF, 
and E. shown in the diagram. The voltage induced in each of 
the secondary windings by the primary depends upon the mag- 
netic-flux linkage from the primary, and the voltage ratio is thus 
proportional to the displacement of the core from the center po- 
sition. 

An electrical bridge is formed by the two secondary coils of the 
transmitter and the resistance on either side of the slidewire con- 
tact at the receiver. By using proper values of the slidewire S 
and fixed resistors A and B, any desired proportionality be- 
tween motion of the transmitter core and motion of the slide wire 
contact can be obtained. 

By using the electronic amplifier and motor control to drive 
the motor which balances the slidewire, a very limited current 
flow is required in the measuring circuit. Thus connecting wires 
can be small and can be run for a considerable distance. Ot 
greater importance is the fact that practically no force is exerted 
by the core of the transmitter so that there is no restraint against 
the primary measuring element. 

Since the bridge circuit obtains its alternating-current supply 
from the power source for the instruments, no other source ot 
voltage is required. 

kxtensive tests have shown that this circuit: will accurately 
measure motions of the transmitter core as small as 0.00005 in. 
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hig. 6 CONNECTION DIAGRAM FOR MEASUREMENT OF DIFFERENCES 
It is therefore ideally suited to measurement of pressure, mois- 
ture content, and stress, using displacement-type transmitters, 
or to any factor which can be translated in terms of position. 
Since the movable core can be inside a pressure housing and the 
\ransmitter coils on the outside of the housing; the circuit is espe- 
cially adapted to determination of differential pressures, as for 
example, in the measurement of fluid flow, liquid level, viscosity, 
and other factors. 

For measurement of variables which are translated into direct- 
current potentials, the conventional potentiometer circuit 
shown in Fig. 4 is employed. The usual battery source of 
bridge voltage and the standard cell and standardizing circuit 
are incorporated. The direct-current unbalance of the bridge 
is converted by means of a saturable-core-type direct-current 
to alternating-current converter and the resulting alternating- 
current voltage is applied to the input of the standard alternating- 
current amplifier and motor-control system. As a result of 
amplification obtained in the converter and the high degree of 
amplification available in the alternating-current amplifier, sen- 
sitivity is obtained equal to or greater than that available with 
galvanometer-type industrial instruments without any sacrifice 
in the sturdy construction of the unit. 

This circuit is most commonly employed for measurement of 
temperature, using thermocouples or radiation-type primary 
elements. Modified circuits are employed for the measurement 
of vacuum, speed, light or color, turbidity, smoke density, and 
other factors. 

Modifications of the circuits described are available for auto- 
matic computation of the results obtained from a number of 
primary measurements. For example, a simple modification of 
the impedance bridge described is illustrated in Fig. 5, by which 
the ratio of two independent variables can be automatically and 
continuously determined. A similar simple modification can be 
used to obtain a continuous total of any reasonable number of 
independent variables. 

Fig. 6 shows a modification of the alternating-current resistance 
bridge to permit continuous determination of difference between 
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two independent variables. Similar modifications are available 
for continuous determination of the product of two independent 
variables. 

It is believed that there is a great field for such automatic cal- 
culating devices in the operation of industrial processes. This 
equipment not only eliminates the necessity for trained op- 
erators to summarize and compute the results from daily rec- 
ords and log sheets, but provides the necessary information auto- 
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matically and continuously to those responsible for the opera- 
tion. It is believed that in many cases great benefit is possible 
by having such computed information available instantly as an 
operating guide instead of after a delay of several hours or sev- 
eral days when this work must be done by technicians. 
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AMPLIFIER AND MoTor-ContrRoL Circuit 


AMPLIFIER AND Moror 


Fig. 7 shows the electronic-amplifier unit which detects and 
amplifies the unbalance of the measuring circuit. Electrically 
the unit consists of an amplifier section and a motor-contro! 
section. These are arranged into a compact assembly which is 
suited to quantity production. The assembly and testing are re- 
duced to a number of simple operations which can be performed 
by relatively unskilled help. 

The electronic amplifier is standardized in both mechanical 
and electrical design and is used on all 60-cycle alternating-cur- 
rent measuring circuits whether for measuring temperature, flow, 
level, etc. The same amplifier is also used on direct-current 
potentiometric circuits with the addition of the converter which 
transforms reversing polarity unbalance into reversing phase 
alternating current of 60-cycle frequency. Furthermore, the 
instrument calibration is unaffected by variations between am- 
plifiers so that complete interchangeability is obtained. 

The amplifier has an over-all voltage gain of 2500. This means 
that a 0.001l-v unbalance from ‘the measuring circuit produces 
an output voltage of 2.5 v for application to the motor-control 
tube. Since the slidewire-drive motor responds to voltages as 
low as l-v input to the motor-control tube, it is sensitive to about 
0.0004-v input to the amplifier. This is ample for the average 
application. This sensitivity is specifically illustrated in Table 
1, in terms of voltage output or unbalance of measuring circuit. 


TABLE 1 SENSITIVITY OF SLIDEWIRE-DRIVE MOTOR IN 
RELATION TO AMPLIFIER INPUT 
Minimum voltage to which 
Input to amplifier motor will respond 
Alternating-current systems: 
1 i i 0.0004 a-c volt 
0.00003 a-c volt 


2 X 10~-* d-c volts 
(or 1 X 10-8 amperes) 


ELectricaL DESIGN 
The electrical design is based upon the requirement that in- 
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dustrial instruments must operate continuously and with unim- 
paired accuracy over long periods of time with a minimum of 
maintenance and often under adverse conditions. For this rea- 
son the design of the unit and the rating of components includ- 
ing tubes, capacitors, resistors, and transformers, are more con- 
servative than in most communication and radio equipment. 
Also, to obtain maximum reliability, the number of circuit ele- 
ments is held to a minimum consistent with good performance. 
Special or complicated features to obtain some peculiar operating 
characteristic for a specific application are avoided. 

The elementary wiring diagram of the complete amplifier unit 
is shown in Fig. 8. The amplifier section is Class A of conven- 
tional design consisting of two stages of resistance-coupled am- 
plification. A 6SL7 amplifying tube consisting of two triodes 
in one envelope is used. The alternating-current voltage ob- 
tained by unbalance of the measuring circuit is applied to the 
grid of the first section and is amplified about 50 times in ‘each 
triode so that the total voltage gain is about 2500. Phase shift 
is negligible so that output voltage which appears across R& is a 
magnified image of the input voltage. 

The direct-current plate supply for the amplifier is obtained 
from a simple full-wave rectifier using a6 X 5 vacuum tube and a 
capacitor resistance filter to provide smooth direct-current voltage. 


OPERATION OF Moror-ContTrROL CIRCUIT 


All or part of the amplified voltage, depending upon the sen- 
sitivity required and determined by the adjustment of R8, is 
applied to the motor-control circuit which in turn determines 
the direction of rotation and speed of the reversing motor which 
drives the slidewire. Motor M is a “capacitor-run” type having 
two identical windings Wy, and Wg, 90 electrical deg apart on 
the stator. The operation is similar to that of a two-phase 
motor and rotor torque is developed by displacing the currents 
in the windings Wy, and Ws in time phase relative to each other. 
The direction of rotation is determined by whether the current 
in W, is leading or lagging the current in Wg. Consequently, 
the speed with a constant load is proportional to the magnitude 
of the winding currents and the phase displacement between 
them. This motor is of special design to permit rapid braking 
when the winding currents are brought into phase. 

The voltage applied to the 6N7 plates is obtained from a center- 
tap secondary winding of the supply transformer. The grids 
are connected together and receive their voltage from the meas- 
uring or control circuit through a voltage amplifier. It is a fun- 
damental requirement that the plate supply for the 6N7 be ob- 
tained from the same source and phase as the grid-input signal. 
For this application the source is the 115-v 60-cycle supply 
to which the motor is connected. However, the power supply to 
the motor can be entirely divorced from the control circuit. 
Since the plates of the 6N7 are 180 deg out of phase with each 
other and the grids are in phase, the plate currents of the two 
sections of this tube are selectively controlled by phase relation 
between the grid voltage and the plate voltage. 

The plate circuits of the motor-control tube are coupled to the 
motor power circuit through power-boosting devices A and B. 
The tube-plate currents determine the torque and direction for 
rotation of the motor. If the unbalance of the measuring circuit 
is such as to give an amplified voltage in phase with the plate of 
triode A, this section will pass more plate current and triode B 
less current than at balance. Consequently, motor current will 
flow through power booster A directly through winding A and 
through the motor capacitor and winding B. This phase rela- 
tionship of winding currents will cause the motor to rotate in a 
direction to rebalance the measuring circuit. By the same 
analysis, unbalance in the opposite direction will produce an 
amplified voltage in phase with triode B and resulting motor ro- 
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tation opposite to what it was before but again in such a direc- 
tion to restore balance. 

In general, the sensitivity of the system is sufficient to develop 
about 75 per cent of the maximum motor torque with about 
0.002-v input to the amplifier. 


INSTRUMENT CONSTRUCTION 
To obtain the most flexible construction for the various types 
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of problems which must be handled the instruments have been 
developed in two general forms. The rectangular case instru- 
ments illustrated in Figs. 9 and 10 provide from one to four 
completely independent measuring systems. In every case the 
measuring circuit, the motor-driven slidewire, and the electronic 
amplifier and motor control are entirely independent for each 
system so that failure in any one measuring system does not 
affect the remaining units in any way. 

The round pattern chart has been selected since it is the most 
economical means of recording the results and since the recording 
mechanism is extremely simple and does not take up space 
within the case which can be used for additional measuring or 
controlling devices. 

The instruments can be equipped with one large dial indicator 
which can be operated by any of the different factors measured 
in the same instrument. The construction of the instrument is 
such that different basic measuring circuits can be employed in 
the same case giving a wide variety of combinations of measure- 
ments available on the same recording chart. 

Two independent control systems of either the electrically 
operated or automatic types can be incorporated in the same case. 

The amplifier unit is enclosed in a dust- and moisture-resistant 
housing normally mounted on the back of the receiver casing as 
shown at the right in Fig. 9. Electrical connections to the in- 
ternal meter circuits are made by a plug and socket connector. 
Where such mounting is impossible the amplifier may be mounted 
remotely and connections made by means of a plug and cable. 
The vacuum tubes and the electrolytic condenser assembly 
which may require periodic check or replacement are made 
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accessible by removal of the sub cover. This packaged unit 
construction facilitates quick removal of the entire amplifier unit 
or of component parts for inspection or repair. 

Round Case. Where recorded results are not desired a smaller 
round pattern case, as shown in Fig. 11, is employed. This unit 
incorporates one measuring system operating a large indicator o1 
may incorporate one controller of the electrically operated or 
pneumatically operated type. 


CoNCLUSION 


The authors are fully aware of the recent tendency to propa- 
gandize electronics as the panacea for all engineering problems 
Therefore a few words of caution are in order. If electronic 
equipment is’to be successful in process-control work manu- 
facturers must design and build conservatively. Designs which 
are hastily conceived and poorly executed will tend to diseredit 
all equipment of this type. 

For many measuring problems today and new problems 
ahead the electronic equipment offers the oniy practical solu- 
tion. However, there is a large field of measurement which can 
be handled with mechanical, electrical, or electronic-type instru- 
ments. The principal advantage of the electronic type of in- 
strument in this field is standardization of design. 

Mechanically operated instruments have economic advantages 
in certain applications. However, since a different mechanical 
instrument is usually required for each type of measurement 
the standardization and resultant advantages possible with 
electronically operated equipment is not possible where a great 
variety of measurements is required. 
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An Instrument for Indicating the Amount 
of Gas in Gas-Liquid Mixtures 


By B. R. WALSH! anv G. S. PETERSON,? PITTSBURGH, PA. 


The instrument described in this paper was developed 
by the authors’ company at the instigation of the Wright 
Aeronautical Corporation, which early foresaw the need 
for clarifying the entire problem of satisfactory operation 
of an airplane-power-plant lubrication system if the in- 
creased demands of military-airplane performance were 
to be met. One of the major objectives was the develop- 
ment of an instrument which would make possible a 
quantitative measurement of the amount of entrained air 
in lubricating oil, because air present in the oil reduces 
the delivery of oil from the pump; the reduction of de- 
livery is greater the higher the altitude for the same per- 
centage of air at the intake to the pump. This reduction 
of delivery may be so great as to limit the safe ceiling of the 
plane, from failure to lubricate the engine. All such 
pumps, being the positive-displacement type, can deliver 
only displacement minus slip; as volume of air in the 
pump increases, obviously, the oil delivery must decrease 
since the sum of air and oil handled is substantially a 
constant. 


DEVELOPMENT OF [INSTRUMENT 


N the development of an instrument to indicate the amount 
of gas in gas-liquid mixtures, consideration was first given 
to the use of condensers, selenium cells, and mechanical 
traps, but tests conducted on these devices disclosed difficulties 
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inherent with these methods which made them not only un- 
reliable but impractical. The use of a condenser for measuring 
the change in dielectric strength with change in the amount ot 
entrained air was unstable owing to the segregation of air and 
oil, and the presence of foreign particles and water. A selenium 
cell was used to measure the variation in the amount of light 
transmitted through a column of oil in a transparent section of 
tubing with varying amounts of entrained air. It was found 
that the amount of light transmitted was a function of the num- 
ber of oil films in the light path and, since a large number of small 
bubbles constituted a large number of oil films, compared to an 
equal amount of air in large bubbles, this method was not satis- 
factory. 

Extensive tests made on several types of pipe traps showed 
this method to be impractical because of segregation of the air 
and oil. With striation of the air, the velocity of the oil is much 
lower than that of the air and therefore the air percentage as 
indicated by a pipe trap is lower than the actual amount, as shown 
in Fig. 1. In addition, this device would not be suitable for 
flight application since an indicating instrument is needed to de- 
termine the percentage of entrained air under different operating 
conditions. Numerous calibration tests on various sizes of posi- 
tive-displacement pumps, used with different aircraft engines, 
showed a consistent relationship between the oil-flow rate and 
increased volume of air entrainment, which could be readily cal- 
culated when the displacement and clearance volume of the pump 
were known. 

The engine-pressure pump cannot be used to indicate directly 
the amount of air entrainment because it is provided with a 
pressure-regulating valve which normally by-passes oil from the 
discharge to the pump inlet, which disturbs the normal oil-air 
relationship. The instrument, shown in Fig. 2, was therefore 
designed. This instrument is merely a small positive-displace- 
ment pump, direct-connected to a 24-v, d-e !/,o-hp aircraft-type 
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electric motor. The pump has a capacity of approximately 1 
gpm and the assembled unit weighs 5 lb. The instrument is 
identified commercially in its present form as the ‘“Wright-Gulf 
Air Indicator.” 


PRINCIPLE OF OPERATION 


The instrument, shown in Fig. 3, is provided with a sharp- 
edged orifice placed on the discharge side of the pump. A pres- 
sure gage is connected at point A for indicating the pump dis- 
charge or upstream-orifice pressure. A second pressure gage is 
connected at point B for indicating the inlet pressure. Since 
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the pressure drop across a sharp-edged orifice provides a reliable 
measurement of fluid-flow rate through the orifice, the pressure at 
point A is a direct indication of the pump-delivery quantity, the 
pressure on the downstream side of the orifice being substantially 
equal to ambient pressure. The sharp-edged orifice was selected 
because variation of viscosity has the least effect on the co- 
efficient of any primary element; for most operating ranges the 
effect is negligible, and therefore one possible variable is elimi- 
nated. 

Thirty per cent air at pump inlet, for example, reduces pump- 
delivery quantity more than 30 per cent. But on the discharge 
side, where the orifice is located, this 30 per cent may be com- 
pressed to 3 to 5 per cent. Further, since even this compressed 
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air is still very low in density, the orifice responds almost entirely 
to the liquid flow and therefore does actually measure the liquid 
delivery consistently and accurately. This makes it possible to 
plot curves of orifice pressures at known percentages of air en- 
trainment versus pump-inlet pressure. These curves, determined 
by test, are shown in Fig. 4 and constitute the calibration of 
the unit. It is to be noted that these curves were determined 
by cross-plotting from curves of orifice differential pressure versus 
per cent air for constant pump-inlet pressures for the sole purpose 
of saving time in calibrating. Fig. 5 shows these curves plotted 
through the test points. 

In the calibration of the instrument, a voltage regulator is 
used which maintains a constant voltage on the motor terminals. 
The variation in the speed of the electric motor, due to a change 
of output resulting from reduction of pressure under conditions 
of air entrainment, is automatically taken care of in the calibra- 
tion of the unit. While it is not the purpose of this paper to 
elaborate upon the method of calibrating the unit, it should be 
stated that this is accomplished by use of a displacement chamber 
into which the entire air-oil mixture handled by the pump is 
delivered. The mixture in the displacement chamber is allowed 
to stand until the entrained air has completely separated from 
the oil. The displacement chamber is shown in Fig. 6. The 
per cent of entrained air is determined by dividing the volume of 
air measured in the visigage A by this volume, plus the volume 
of oil as determined by means of the weigh scale B. 


APPLICATION 


The successful application of the instrument depends upon 
securing a sufficiently accurate sample of air-oil mixture flowing 
in the system to be analyzed. This does not impose any new, 
obstacle on the use of the instrument because any method in- 
dicating the per cent of gas flowing in a gas-liquid mixture so far 
considered involves the problem of obtaining a correct sample. 

Two successful sampler devices have been developed jointly 
by Wright Aeronautical and Gulf Research. The sampling 
chamber, shown in Fig. 7, is used where it is anticipated that the 
percentage of entrained air will not exceed 15 per cent, but in 
systems where the air entrainment exceeds this value, the orifice- 
type sampler, shown in Fig. 8, is applied. During the develop- 
ment of a sampler suitable for sampling air-oil mixtures obtaining 
in airplane lubrication systems, it was found that the air striates 
very quickly in mixtures containing more than 15 per cent air. 
In view of this, the sampler, shown in Fig. 7, is used only for 
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sampling mixtures containing less than 15 per cent air. Several 
schemes using different types of baffling for mixing the air and 
oil at the point of sampling were tested, none of which proved 
satisfactory. 

Fortunately, one practical method of mixing air and oil to 
permit sampling was discovered. This method requires sufficient 
increase in velocity of the mixture to raise the turbulence to a 
Reynolds number in the order of 1500 or above. The objection 
to this method for use in an airplane application was the increase 
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in pressure drop imposed by the sampler. Any appreciable in- 
crease in the pressure drop in the line between the oil-supply 
tank and the engine-pressure. pump would impose, in effect, a 
higher altitude condition on the pump. In view of this condi- 
tion, the first means tried was a Venturi tube with a sampling 
tube located in the throat section, as shown in Fig. 9. 
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It was thought that the Venturi tube would result in a mini- 
mum over-all pressure drop for a given turbulence, owing to its 
excellent reconversion of velocity to static head when handling 
one’ fluid. However, tests showed that the pressure drop was 
much higher than anticipated. This may be explained by the 
fact that the usual pressure-drop recovery in a Venturi diffusion 
tube does not hold for gas-liquid mixtures at low Reynolds num- 
bers because wall separation occurs. In addition, the friction 
loss in the Venturi tube is a major part of the total loss at low 
Reynolds numbers. 

In view of the high pressure drop encountered with the Ven- 
turi-type sampler, tests were conducted on an orifice-type sam- 
pler, as shown in Fig. 8. Tests showed a recovery of pressure 
drop across the orifice when flowing air-oil mixtures to be in 
accordance with the pressure-drop recovery for a single fluid, so 
that the over-all pressure drop across the orifice sampler was ap- 
proximately 60 per cent of that obtained across the Venturi type. 

The orifice sampler, when properly applied with respect to 
orifice diameter and size of sampling tube, will give satisfactory 
sampling for air percentages up to 35 per cent. Even though the 
orifice sampler gives good results at low air percentages, it is 
generally preferable to use the standard sampler, shown in Fig. 
7, in view of the negligible pressure drop with this type of sampler. 

It is important that the liquid viscosity be known for each 
application because, while a calibration curve determined for 
the instrument on, for example, S.A.E. 60 oil at 185 F is good for a 
range of temperatures from 160 to 225 F, it would not be appli- 
cable if the operating temperature of the oil were, for example, 
140 F. In this case the instrument should be calibrated on 140 
F oil. One reason for this is the effect of the high viscosity of 
the oil on the speed of the motor. Another effect of the viscosity 
at temperatures of 140 F or below is the change in coefficient of 
the orifice. 

For Reynolds numbers above 800 to 1000, the curve of orifice 
coefficients versus Reynolds numbers is nearly flat; however, for 
Reynolds numbers below 800 to 1000, there is a noticeable change 
in coefficient with decreasing Reynolds numbers. The range of 
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temperature from 160 to 225 F for 8.A.E. 60 oil covers the usu: 
range encountered in aireraft engines during flight so that on 
‘alibration curve has been satisfactory for aircraft applications 
In this case, the error in the calibration varies from + 0.5 to 
+1.5 per cent air for increasing air percentages up to 35 per cent 
Where greater accuracy in bench-testing is required, the use of s 
displacement chamber is recommended; but, for flight tests o: 
airplane lubrication systems, the accuracy of this instrument i- 
satisfactory and certainly exceeds that of any other known flight 
type device for measuring entrained air. 

Fig. 10 is a schematic diagram of an indicator installation on s 
typical aircraft lubrication system. An important item to not: 
is that the performance of the lubrication system is unaffeeted 
by use of the instrument because the 1 gpm withdrawn by it j- 
returned to the sampler. A relief valve is provided with the in 
strument to protect the motor from overload in the event th: 
disk orifice becomes plugged with foreign matter. The discharg: 
line from the relief valve may be connected back to the sup 
ply line being sampled, or to any low-pressure source. 
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Fig. 11 shows the indicator installed on an airplane for tht 
test. Fig. 12 shows the installation of a standard sampler for 
use with the indicator shown in Fig. 11. In the development «0! 
this instrument, tests were conducted which showed that its ac 
curacy was unaffected by the position in which it was mounted 
and was only slightly affected by change in ambient temperatur 


Usb or INDICATOR 


In Figs. 11 and 12, the instrument was used to determine tli 
amount of air entrained in the oil in the supply tank at different 
altitudes. While it was pointed out that the calibration curve. 
shown in Fig. 4, is plotted with the inlet pressure of the instru- 
ment as the abscissa, it is to be noted that the percentage of sl! 
indicated by each curve is based upon the volume of air at inlet 
pressure. It may be seen from the schematic installation diagran 
that this pressure will differ from the altitude barometric pre> 
sure by the amount of pressure drop in the lines between the o!! 
supply tank and the inlet tap on the instrument. It is necess:r) 
therefore, that the air percentage, determined from the calibra 
tion curve, be converted to that corresponding to supply-t:n) 
pressure. (This may differ from the altitude barometric pre- 
sure, depending upon whether or not a pressurized tank is used 


OTHER APPLICATIONS 


To date the instrument described has been or is being used 
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hig. 11) Atk INSTALLED FoR FLIGHT Test 


Fie. 12) Samptina CHAMBER INSTALLED FOR FLIGHT TEST 
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Fie. 13 BencH Mope- or Air INpICcATOR 


by three aviation-engine manufacturers and six airplane manu- 
facturers. 

In addition to the flight-type instrument, a bench model has 
been prepared. On this model, a 110-v, a-c !/,-hp electric motor 
is used, as shown in Fig. 13. To date, instruments of this type 
have been calibrated for, and used by, several manufacturers 
and the authors’ laboratory for indicating the percentage of air 
in air-oil mixtures in various types of lubrication systems. 

Because the device is a comparatively recent development 
and has not been in commercial production, its availability is 
probably known only to the aircraft industry for which it was 
developed. As a result, no applications of the instrument for 
indication of gas-in-liquid other than the indication of air-in-oil 
have been made. There appears to be no reason why the in- 
strument cannot be used for indicating the percentage of gas 
entrained in any liquid-gas mixture capable of being pumped, 
and of which a correct sample can be obtained. It could there- 
fore be used on gas-water mixtures, air-glycol mixtures, etc., as 
well as air-oil mixtures. 
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Use of Anthracite Fines in By-Product 
Coke Production 


Factors Influencing the Relative Suitability of Different 
Anthracites for Blending 


By J. D. CLENDENIN,' K. M. BARCLAY,! anv C. C. WRIGHT? 


The blending of carbonaceous materials, particularly 
Pennsylvania anthracite, with coking coals as a means of 
mitigating the acute war shortage of certain types of 
metallurgical coke, has received considerable emphasis in 
recent months. However, the desirability of blending an- 
thracite fines with coking coals for by-product coke produc- 
tion has been a matter of considerable controversy. To 
settle the differences of opinion and judgment, an attempt 
has been made as reported in this paper to evaluate, at 
least relatively, some of the variables encountered in the 
case of anthracite fines. The investigation in question was 
conducted at the Mineral Industries Experiment Station 
of The Pennsylvania State College, and was sponsored 
jointly by the Anthracite Institute and the Common- 
wealth of Pennsylvania. 


HE blending of various types of carbonaceous and non- 

carbonaceous materials with coking coals has been the 

subject of laboratory and plant-scale experimentation for 
many years. The results of some of these investigations, in 
particular the effect of these more or less inert materials on the 
nature, properties, and characteristics of the several carbonization 
products have been reported (1)* in numerous technical publica- 
tions. Undoubtedly there has been other work of this nature the 
results of which have never been published, with a consequent loss 
to organized research in fuel technology. 

With the increased demand for metallurgical coke and the 
shortage of certain types of coking coals as a result of the war, a 
new impetus has been given to the blending of carbonaceous 
materials, especially Pennsylvania anthracite, with coking coals 
as one means of mitigating the acuteness of these two problems. 
Some controversy has developed, however, concerning the de- 
sirability of blending anthracite fines with coking coal for by- 
product coke production and as a consequence it appeared de- 
sirable to examine some of the points of difference and to attempt 
to evaluate, at least relatively, some of the variables encountered 
in the use of anthracite fines. In this paper some of the more im- 
portant points and variables are enumerated and discussed. 


ANTHRACITE FinEs UsEeD FOR BLENDING 


Considerable emphasis, and rightly so, has been placed upon 


1 Research Assistant in Fuel Technology, Mineral Industries 
zeerionens Station, The Pennsylvania State College, State College, 
‘a. 


? Professor of Fuel Technology, The Pennsylvania State College, 
State College, Pa. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Mineral Industries Experiment Station of The 
Pennsylvania State College and presented at a Joint Meeting of the 
Fuels Division of Tae AMERICAN SocteTy OF MecHANICAL ENaI- 
NEERS and the American Institute of Mining and Metallurgical En- 
gineers, Coal Division, Charleston, West Va., Oct. 30-31, 1944. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


the importance of the size consist and the top and bottom sizes 
of the anthracite fines used for blending. There is general agree- 
ment concerning the detrimental effect of appreciable percentages 
of material larger than about 10-mesh size on the strength of the 
resultant coke. It is well known that discrete shale or other inert 
particles of appreciable size, as !/,-in. or even smaller, in straight 
bituminous coking coals exert a deterimental effect on the 
strength of the resultant coke, and although numerous plants are 
pulverizing their coking coals to 90 per cent through !/;-in-sq 
mesh, this obviously permits the presence of shale or inert 
particles of appreciable size which can form centers of weakness 
in the final coke. Consequently, the presence of about 5 per cent 
of anthracite fines containing 1 to 5 per cent of plus 10-mesh 
material, which is the rule for most No. 5 buckwheat anthracites, 
will probably not exert as great a detrimental effect on the final 
coke as will the oversize in the bituminous coal itself. 


Regarding the size consist and degree of fineness of the anthra- 
cite fines to be used, there are two main groups of thought. One, 
dating at least as far back as the work of Markle (2, 3), first re- 
ported in 1921, believes that anthracite fines for blending should 
be finely pulverized. One coke-plant operator who is using 
anthracite fines at the present time, has said that in his experi- 
ence with inerts, the best structured cokes were produced when 
the added material contained the largest percentages of minus 
50-mesh size. The other group, presumably of more recent 
origin, suggests that the presence of finely pulverized material in 
the anthracite is undesirable, and it is recommended that the 
anthracite be sized to 20 X 100-mesh as nearly as possible. 

Recently, and doubtless through misinterpretation of descrip- 
tions of the characteristics of anthracite fines suitable for blend- 
ing, the idea has sprung up that specific gravity and volatile- 
matter content, per se, of an anthracite are sufficient criteria to 
use in selecting anthracite fines for blending, and other character- 
istics being similar, an anthracite of low volatile matter, about 6 
per cent or less, and high specific gravity, about 1.7 or greater, 
would be more suitable than one possessing a somewhat lower 
gravity and higher volatile content. Ostensibly, this idea grew 
originally from observations made to the effect that anthracites 
which have proved to be most suitable were of the hard, lustrous, 
nonfriable variety, showing conchoidal fracture and having a high 
specific gravity and low volatile-matter content. 

Some confusion concerning the specific gravity of the anthra- 
cites used in by-product blends has resulted from the fact that in 
Turner’s (4) classification of anthracites, the specific gravity of 
face samples, crushed to minus '/, in., are reported on the dry, 
ash-free basis, while specific gravities reported for the anthracites 
used in by-product blends have been determined on No. 5 buck- 
wheat samples ground usually to 200 mesh and reported on the 
dry basis. In Turner’s classification a wide variety of anthra- 
cites from the four producing fields are reported to have specific 
gravities ranging from 1.41 to 1.66, whereas the specific gravities 
reported by by-product plants have usually been 1.70 or higher. 
In part, the difference is due to the generally higher specific 
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gravities resulting from the higher ash content of the buekwheat 
samples as compared to face samples, in part to the higher gravi- 
ties resulting from the use of the dry rather than dry ash-free 
basis and possibly also, in part, to the increase in gravity that 
has been observed in some cases when minus '/4-in. samples are 
ground to minus 200 mesh. 

Similarly, the data for volatile matter have been reported on 
different bases such as, as received, dry, dry ash-free, and dry 
mineral-matter-free. The latter method, which was not used by 
Turner (4), because it was not yet generally accepted at that time, 
but which is now widely accepted as the basis for classification of 
anthracites, appears to be the most reliable for the larger sizes of 
anthracite, but for the sizes smaller than about '/, in. is of ques- 
tionable value. In general, the ash content of anthracite in- 
creases in the finer sizes, and due to the nature of the mineral 
matter, the generally used A.S.T.M. corrections to the mineral- 
matter-free basis are not reliable. This is illustrated in the 
proximate analyses given in Table 1, on a silt sample from a 
Northern Field colliery. 


TABLE 1 PROXIMATE ANALYSES OF SCREEN FRACTIONS OF A 


NORTHERN FIELD, ANTHRACITE SILT 


Proximate analysis, per cent, Dry, mineral- 


— —————air-dry matter-free basis“ 


Volatile Fixed Volatile Fixed 


Sereen fraction Moisture Ash matter carbon matter carbon 


Plus 10 mesh 
10 X 20 mesh 
20 KX 30 mesh 
30 X 40 mesh 
40 X 60 mesh 
60 X 100 mesh 
100 X 200 mesh 
200 X 325 mesh 
Minus 325 mesh 


4.9 
5.7 
5.7 
6.3 
7.6 
7.8 
9.6 
8. 


5 


* A.S.T.M. approximation formula: 


Dry, mineral-matter-free FC = 100 — (if + 1.14 + 0.18) & 100 


The misinterpretation of the significance of the specific- 
gravity and volatile-matter-content data as a basis for selecting an 
anthracite for blending tends to create erroneous conclusions re- 
garding the suitability of different anthracites. This can be 
illustrated in part by an examination of the data shown in Fig."1, 
which are adapted from work on anthracites and semianthracites 
of Pennsylvania reported by Turner (4). The wide range in the 
friability of the anthracites of less than about 6 per cent volatile- 
matter content (dry ash-free basis) is clearly evident. 

It is of interest to note that of the low-volatile high-gravity 
coals shown in Fig. 1, none has an apparent specific gravity 
greater than 1.68 on the air-dry basis, and the average ash con- 
tents (dry basis) vary from about 9 to 13 per cent. However, on 
the dry basis the apparent specific gravities are 1.7 or greater in 
several cases. 


Tests oN BucKWHEAT Sizes OF PENNSYLVANIA ANTHRACITES 


In order to examine and perhaps clarify some of these divergent 
ideas it was decided to test fine buckwheat sizes of anthracite 
from the four fields of the Pennsylvania anthracite region, and to 
investigate such factors as the relative physical and thermal sta- 
bility of the different fine sizes, their volatile-matter content, 
apparent specific gravities, size consists, the extent of any inter- 
relationship between these factors, and to determine what, if any, 
correlation exists between these variables and the relative 
strength and size of the cokes produced in a small-scale oven 
when the anthracites are blended with a coking coal. In addi- 
tion, some preliminary tests are outlined in order to observe the 
effect of changing the nature of the coking coal. It was also 
deemed of interest to obtain information from coke-plant oper- 
ators using anthracite, regarding the relative suitability of the 
anthracites they have tested. Samples of a coking-coal blend 
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containing anthracite fines and regular by-produet coke made 
from the blend were secured for purposes of comparison. 

A number of samples of No. 4 and No. 5 buckwheat anthracite 
were obtained from various collieries located in the four major 
anthracite fields. The proximate analyses, apparent specific 
gravities, and size consists down to 40 mesh of the original buck- 
wheat samples are given in Table 2. The specific gravities were 
determined in duplicate with the precision indicated by means of 
the pycnometer method using distilled water with 25-ml pyenom- 
eters and approximately 10-g portions of anthracite. 

The size analyses shown in Table 2 were determined by the use 
ofa “Ro-Tap” and U.S. S. sieves. 

Preliminary graphical representation of the specifie gravity- 
volatile matter data of Table 2 showed the same trend as do 
Turner's results in Fig. 1, when tried on all the commonly used 
bases, i.e., as received, dry, dry ash-free, and dry mineral-matter- 
free. Although there is some tendency in the direction of higher 
gravity with higher ash content, the specific gravity - ash content 
data, on the as-received and dry bases, showed a fairly typical 
‘shotgun pattern.”” As a result none of these relationships for 
the data of Table 2 is presented graphically. 

The next step was to gain some idea of the relative physical 
stability, or what may be called the relative “inherent” strength 
of the buckwheat anthracites in the raw state. After considera- 
tion of possible methods, the microstrength test apparatus, 
originally described by Blayden, Noble, and Riley (5), was chosen. 
The apparatus is shown in Fig. 2. The sample cylinders are so 
constructed that the ends can be tightly closed after placing 12 
small steel balls and a weighed portion of a closely sized sample 
to be tested in each one. The cylinders are rotated for 800 
revolutions at the rate of 25 rpm. Anthracite samples of 4 ¢ 


SPECIFIC GRAVITY AND FRIABILITY VS 
VOLATILE MATTER CONTENT OF PENN- 
SYLVANIA ANTHRACITES AND SEMIANTHRACITES 


ORY, ASH-FREE BASIS 


APPARENT SPECIFIC GRAVITY 


FRIABILITY, PERCENT 


3 5 7 8 #1 


VOLATILE MATTER CONTENT, DRY, ASH-FREE BASIS 
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PABLE 2) PROXIMATE ANALYSES, APPARENT SPECIFIC GRAVITIES, AND SCREEN ANALYSES OF NO. 4 AND NO. 5 BUCKWHEAT 
ANTHRACITES; AS-RECEIVED, AIR-DRY BASIS 


———Proximate analysis— 


Volatile Apparent 
Field and Size and Moisture, matter, Ash, specific ——Screen analysis (U. 8.8.) cumulative, per cent 
sample no, designation : per cent per cent per cent gravity +10 mesh +20 mesh +30 mesh +40 mesh 
Northern 1 Buckwheat no. 4 1.7 7.2 21.8 1.66 + 0.01 11.6 82.6 94.5 97.5 
2 Buckwheat no. 4 3.2 6.4 9.4 1.58 5.1 $5.2 94.7 97.4 
3 Buckwheat no. 4 2.6 5.3 6.2 1.58 5 95.9 99.4 99 6 
4 Buckwheat no. 4 3.3 5.9 7.8 1.57 0.2 70.3 90.2 96.7 
5 Buckwheat nos, 4 
and 5 3.3 6.1 9.1 1.59 0.2 50.6 75.9 88.9 
Western Middle 6 Buckwheat no. 5 2.8 8.9 11.2 1.53 0.3 31.6 68.2 83.8 
7 Buckwheat no. 4 3.4 6.2 12.2 1.63 9.2 78.7 91.6 95.8 
& Buckwheat no, 4 1.4 &.3 10.2 1.52 5.4 84.8 95.0 97.8 
9 Huckwheat no. 5 1.8 10.0 11.9 1.§2 0.1 28.2 61.0 79.4 
17 Buckwheat no. 4 3.0 5.6 12.9 1.64 3.6 69.9 88.8 95 9 
2 Buckwheat no. 4 1.8 10.9 9.9 1.48 9.8 91.9 97.8 99.3 
31 Buckwheat no, 5 2.5 5.8 9.6 1.67 0.8 44.1 78.4 91.6 
Rastern Middle 10 Buckwheat no, 4 3.2 3.8 8.8 1.65 2.4 96.7 99.5 
11 Buckwheat no, 4 2.9 4.1 8.8 1.65 33.0 96 0 99.5 
14 Buckwheat no. 5 4.6 6.2 10.8 1.67 3.1 54.2 81.4 93.1 
19 Buckwheat no. 4 2.8 4.4 14.0 1.70 13 5 81.7 94.0 97 8 
22 Buckwheat no. 4 2.7 5.5 ee 1.64 5.7 92.4 98.8 99.4 
29 Buckwheat no. 5 4.3 4:9 11.3 1.67 4.5 68.5 87.3 95.2 
30 Buckwheat no. 5 4.4 re 12.0 1.70 5.6 48.3 68.9 80.5 
Southern 12 Buckwheat no. 4 1.5 7.0 13.2 1.60 5.9 80.3 91.6 96 7 
13 Buckwheat no. 4 3.1 7.5 12.0 1.67 2.6 60.4 83.9 93 6 
15 Buckwheat no. 4 4.0 12.4 1.70 21.8 90.6 97.1 49 0 
16 Buckwheat no. 4 2.2 8.9 15.2 1.53 O07 36.3 59.9 76.7 
18 Buckwheat no. 5 1.9 4.3 13.1 re 0.2 35.8 72.5 89 1 
20 Buckwheat no. 4 2.6 5.4 13.8 5 85.8 96.2 98 4 
2 Huckwheat no. 5 3.7 5.0 15.5 1.74 O.8 48.1 73.2 87.4 
23 Buckwheat no. 4 44 9.2 13.5 1.62 5.1 90.1 97.1 98 5 


REVOLUTION COUNTER 


hic. 2° Microsrrenctn Test 
MACHINE 
‘Blayden, Noble & Riley, reference 5. 


‘re used rather th: TABLE 3%PROXIMATE ANALYSES AND APPARENT SPECIFIC 
were used rathe r than the 2-gram sample: originally specified for GRAVITIES OF STANDARD 16 30-MESH FRACTIONS OF 
testing cokes, in order that the anthracite would occupy about the | DIFFERENT RAW NO. 4 AND NO. 5 BUCKWHEAT ANTHRACITES: 


sume volume as the coke. In preparing carefully sized samples seed diene 


of fines, 16 X 30-mesh fractions, made up to a standard size —-Proximate 
consist, were used. The 16 X 30-mesh fraction corresponds sample no. Moisture matter Ash gravity 
closely to the size specified for cokes as originally described in the Northern : 
test. The arbitrary standard size consist used in the present 3 2.9 5.4 9.4 1.61 
work is based upon the average of the size consists of the 16 X ; 2's os re :-= 
30-mesh fractions of all of the samples tested, the average size Wye Middle 6 21 9.2 8.6 1.81 
consist being as follows: 16 X 18 mesh, 26.7 per cent; 18 X 20 7 2.6 6.5 13.1 1 64 
mesh, 33.4 per cent; 20 X 25 mesh, 18.6 per cent; 25 X 30 mesh, Q 22 83 38 149 
21.3 per cent. Proximate analyses and apparent specific gravi- = 
ues of the standard 16 X 30-mesh fractions of the different No. 4 31 2.3 5.3 8.8 1.61 
and No. 5 buckwheat sizes are shown in Table 3. In Fig. 3 the — Eastern Middle 10 3.0 4.6 13.6 1.64 
degree of correlation existing between the apparent specific 
kravities (dry ash-free basis) of the original buckwheat sizes and 19 2 
the corresponding standard 16 X 30-mesh fractions is shown. 29 3.7 5.2 2 1.67 
After the 4-g portions of the standard 16 X 30-mesh samples 30 4.7 7.4 9.6 1.66 
have been subjected to the prescribed treatment in the micro- Southern 2 
strength tester, the coal is carefully removed from the cylinders 15 2.6 4.3 16.7 1.52 
and the breakdown deduced from the amounts remaining on a 
30-mesh and a 70-mesh screen. The microstrength index of the 
coal is expressed as the cumulative per cent on 30 mesh over the 23 4.7 10.4 16.1 164 
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APPARENT SPECIFIC GRAVITY OF NO. 4 & NO.5 
BUCKWHEAT ANTHRAGITES VS. APPARENT 
SPECIFIC GRAVITY OF THE CORRESPONDING 
STANDARD CONSIST 16 X 30 MESH"FRACTIONS 
(ORY, ASH-FREE BASIS) 


MIGROSTRENGTH INDICES OF 16 X 30 MESH* FRACTIONS 


APPARENT SPECIFIC GRAVITY OF NO. 4 & NO.5 
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cumulative per cent on 70 mesh, e.g., 5/50. In general the micro- 
strength test was run in duplicate and for indexes in the vicinity 
of 10/60 the average deviation is +0.35/0.55; for those in the 
vicinity of 6/40 it is +0.30/0.50; and for those around 2/25 it is 
+0.35/1.25. 

The microstrength indices versus the apparent specific gravity 
(air-dry basis) of the raw standard 16 X 30-mesh fractions of the 
different No. 4 and No. 5 buckwheat anthracites are shown 
graphically in the lower part of Figs. 4 and 5; expression of the 
gravities on either the dry, dry ash-free, or dry mineral-matter- 
free basis did not alter the general nature of the relationship, and 
no advantage was evidenced from replacing specific gravity with 
volatile-matter content. The cumulative per cent on 30- 
mesh part of the index is shown on the lower half of Fig. 4, while 
on 70-mesh part is shown in the corresponding position in 
Fig. 5. To express a microstrength index as a single integer is 
not satisfactory, because it would thereby lose most of its signifi- 
cance. 

An examination of these two figures shows that, just as was 
the case in Fig. 1, the highest-gravity coals in the raw state are 
not necessarily the coals which possess the highest physical 
stabilities as expressed by the microstrength indexes. It should 
be borne in mind, however, that one cannot set up definite cate- 
gories on the basis of these relative stabilities which are deter- 
mined only on a selected fraction of the fines. Nevertheless, it is 
clear that in the fine sizes, coals from different fields possess 
similar stabilities in some cases, while in others, coals from the 
same fields possess different stabilities which is in accord with 
experience in the use of the larger sizes of anthracite. 


RELATIVE "INHERENT" STRENGTH VS APPARENT 
SPECIFIC GRAVITY OF ANTHRACITES 
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Errect oF HiGH-TEMPERATURE THERMAL TREATMENT ON 
ANTHRACITE FINES 


Since it has been generally observed as well as reported in 
several cases (6) that many anthracites show increased strength 
after being subjected to thermal treatment at elevated tempera- 
tures, it seemed reasonable to investigate the effect of high- 
temperature thermal treatment on the relative ‘‘inherent” 
strengths of the different anthracite fines. Likewise, it was 
desirable to obtain some estimate of the thermal stability or 
simply resistance to thermal shock of the different anthracite 
fines. Some preliminary experiments with the 16 X 30 fraction 
of a buckwheat No. 5 anthracite demonstrated that the necessary 
thermally treated samples for both tests could be prepared simul- 
taneously by heating 40 to 50 g of coal in a covered fireclay 
crucible placed in an electric muffle furnace, the temperature of 
which was initially at 1000 C. At the end of 1 hrof heating in the 
furnace the temperature of the center of the coal charge in the 
crucible was found to be approximately 900 C. Heating the 
sample longer than 1 hr in the furnace, with subsequent cooling of 
the sample in the covered crucible, was found to effect no further 
significant change in the stability, or relative ‘“‘inherent’”’ strength, 
of the anthracite as determined by means of the microstrength 
tester. Similarly, most of the size breakdown of the 16 X 30- 
mesh fraction of fines due to thermal shock was accomplished by 
| hrof heating. Therefore, 1 hr was chosen as the optimum time 
of thermal treatment of the test samples when the temperature 
of the muffle furnace was initially at 1000 C. 

Duplicate samples of 40 to 50 g each of the standard 16 X 30- 
mesh fractions of the different No. 4 and No. 5 buckwheat anthra- 
cites were subjected to thermal treatment in the manner already 
described. Upon removal of the covered crucibles from the 
furnace they were allowed to become cool to the touch before the 
lids were removed from the crucibles so as to eliminate ashing- 
over of the coal in the top of the crucible. After cooling, the 
samples were carefully weighed and subjected to a size analysis 
into 16 X 18-mesh, 18 X 20-mesh, 20 X 25-mesh, and 25 X 30- 
mesh fractions using the Ro-Tap. The shaking.time was held 
to a minimum but was long enough so that no appreciable quan- 
tity of material could be shaken from one screen to the next by 
additional time on the Ro-Tap. The duplicate samples showed 
reasonably close agreement, except in the case of the 16 X 18- 
mesh fraction. However, even in this fraction the differences or 
similarities between samples appeared to be real rather than 
apparent. The results of the thermal breakdown tests on the 
selected fraction of the No. 4 and No. 5 buckwheat anthracites 
are shown graphically in Fig. 6, as relative resistance to thermal 
shock versus apparent specific gravity. In this figure only the 
cumulative percentages remaining on 20 mesh and 30 mesh after 
thermal treatment are shown, as an examination and comparison 
of the data for the different fractions suggested that these two 
sizes adequately represent the relative thermal stability of the 
different units of the 16 X 30-mesh fractions as measured by the 
procedure outlined here. 

Comparing the results shown in Fig. 6 with those shown in Fig. 
4 for the strength of the original coals, it will be noted that the 
relative positions of many of the samples with respect to each 
other are shifted. It appears that, in general, except for two 
samples of lowest gravity, a coal of low gravity may be as likely to 
possess a high thermal stability as a coal of high gravity. 

The physical stabilities of the thermally treated samples, which 
are shown in the upper part of Figs. 4 and 5, were determined by 
the use of the microstrength test apparatus in the manner already 
described for the raw 16 X 30-mesh fraction before thermal 
treatment. The different fractions resulting from the ‘‘thermal- 
breakdown” size analysis were mixed thoroughly before being 
tested in the microstrength apparatus. The 5 to 10 per cent of 
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minus 30-mesh material present in the thermally treated fractions 
was left in the samples to be tested for relative physical stability 
in the microstrength apparatus, and no correction was applied to 
the observed or apparent microstrength indexes of the various 
thermally treated samples, because the correction causes no 
appreciable change in the relative positions of the indexes with 
respect to each other, although it does cause a small change in the 
magnitude of the apparent or observed value of the various 
indexes. 

Examination of the results depicted in Figs. 4 and 5 for the 
relative “‘inherent’”’ strengths of standard 16 X 30-mesh fractions 
after thermal treatment shows that, in general, the physical sta- 
bility of the 16 X 30-mesh fraction is increased as a result of the 
thermal treatment, and the increase is less, generally, for coals 
having the higher stability in the raw state. Certainly there is 
no clear-cut trend, albeit there is some tendency for the high- 
gravity coals to possess the greater stability. It is evident that, 
as previously implied, each coal must be judged on its individual 
merits and for the particular purpose. 

In conclusion and as a summary of the work on the properties 
of anthracite fines, Fig. 7 has been prepared. In it the results 
of the work on the thermal stability, apparent specific gravity, and 
microstrength index or relative ‘‘inherent’”’ strength of the 16 X 
30-mesh fractions are plotted against the dry, ash-free volatile- 
matter content of the fractions; Fig. 7 is analogous to Fig. 1. 
It will be noted that below 11 per cent volatile-matter content, 
similar tendencies or trends are apparent, the clearest being in 
thermal breakdown (thermal stability) versus volatile matter. 

As previously suggested, rather erroneous conclusions may 
result regarding the suitability of an anthracite for a particular 
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purpose by placing too much emphasis on the data of specific 
gravity and volatile matter. The change in the relative positions 
of the different fines with respect to each other is rather illuminat- 
ing. For example, it will be noted that the Northern Field fines, 
ranging in volatile content from 6 to 9.5, show the highest relative 
inherent strength in the raw state as measured by the micro- 
strength indexes, while the same coals have only medium gravities 
and medium relative thermal! stability measured by the cumula- 
tive per cent on 30 mesh in the thermal-breakdown test. The 
Eastern Middle Field fines ranging in volatile content from 5 to 
8.5 per cent, and in gravity from medium to high, possess in 
general the highest thermal stability and medium relative “‘in- 
herent”’ strength. The fines from both the Western Middle 
and Southern Fields are more variable as would be expected, and 
only in the microstrength test do they, generally, fall below the 
fines from the other two fields. 


LABORATORY-SCALE COKING TESTS 


The laboratory-scale coking tests with the exception of several 
preliminary experiments were all made using a bituminous coking 
coal from the Pittsburgh seam having the following proximate 
analysis: Moisture, 1.7 per cent; ash, 8.3 per cent; volatile 
matter, 36.3 per cent; and fixed carbon, 53.7 per cent. The 
anthracite fines- used in conjunction with the coking coal are 
indicated in subsequent paragraphs. In general, only No. 5 
buckwheats were used, with the exception that in one series of 
tests a Northern Field anthracite silt was used. 

The coals and coal blends were carbonized in a small, two-wall 
heated, gas-fired oven that has been described previously (7); 
coal charges of about 7 lb were used. The coking time was 
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approximately 100 min when the oven flue temperatures were 
maintained at about 1100 C. At the end of 100 min, the center 
of the coke had reached a temperature of about 950. 

The relative bulk density of the coal charge was hardly affected 
by the presence of 5 per cent of No. 5 buckwheat anthracite, and 
the differences observed with the different No. 5 buckwheats 
were generally within the limits of error in the measurement of 
the relative bulk density. However, with the addition of 5 per 
cent of a No. 5 buckwheat pulverized to minus 100-mesh size, 
a very small but apparently significant increase in the relative 
bulk density of the charge was observed. The coals as carbon- 
ized were in the air-dry condition. 

In general, the coking tests were conducted at least in dupli- 
cate, and the yield of plus 2-in. coke was reproducible to within 
about +4 per cent of the average, while the yield of plus 1! /.-in. 
coke was reproducible to within about +2 per cent of the average. 

The biggest problem was that of evaluating the relative 
strengths of the various blend cokes. Experiments indicated 
that the microstrength test apparatus was unsatisfactory as « 
means of deducing or inferring the relative macrostrengths of the 
different cokes, and that under the circumstances the usual test 
procedures for macrotesting of commercial cokes were hardly 
feasible. Since the primary interest was that of distinguishing 
differences in the relative strengths of the blend cokes, it was 
decided, finally, to make use of the rather vigorous and regular 
motion of a Tyler Ty-Lab tester which is ordinarily used for 
screening work. 

The tester was used in two different ways and both seemed to 
permit the detection of differences in the relative strengths of the 
various blend cokes. In the first the 2, 1'/4, and 9/q-in. sereens 
were placed on the tester pan and the lid clamped on top, with the 
result that the maximum distance of travel of a piece of coke wis 
about 4 in. In the second and preferred procedure, a blank 
screen frame was placed on the pan and the lid clamped on top 
over the blank frame, with the result that the maximum distance 
of travel of a piece of coke was about 8 in. The tester, charged 
with approximately 2000 g of coke, was operated for successive 
increments of time from 5 min up to a total of 80 min, and it was 
found that starting initially with plus 2-in. or plus 1'4/:in. coke, 
the cumulative percentages remaining on both the 1!/,in. anu 
the 3/,-in. screens after 15 and 80 min of treatment gave 4 
reasonable measure of the relative strength of the different blend 
cokes. 

In general, the relative-strength tests were performed in dupli- 
cate and at the end of 15 and 80 min the cumulative per cent 
remaining on 1!/, in. was reproducible to within about 2.5 per 
cent of the average; and the cumulative per cent on 3/, in. te 
within about +1.5 per cent of the average. Variations of « fe 
hundred grams in the amount of coke taken for testing appeared 
to exert no significant effect on the relative-strength results. 

Best CokE FINELY PULVERIZED ANTHRACITE 

It was mentioned in a previous section that of the two group: 
of thought regarding the size and size consist of anthracite for 
blending, one believes the use of more or less finely pulverized 
anthracite produces the best coke. In order to examine this the- 
sis a series of experiments was conducted using buckwheat anthra- 
cite sample No. 29. Some 2 kg of the original buckwheat, the 
nominal top size of which was 8 mesh, was divided into five repre- 
sentative fractions; the first was untouched, the second pulver- 
ized to minus 20 mesh, the third to minus 40 mesh, the fourth te 
60 mesh, and fifth to 100 mesh. In each case the material pas=!n¢ 
the given screen was first screened out and the oversize pulverize\ 
to pass through the screen. Of each size, 5 per cent was blended 
with 95 per cent of the Pittsburgh seam coal for the coking te='>: 

The results for this set of experiments are shown graphically in 
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Figs. 8and9. In the former, the relative blockiness of the blend 
cokes as represented by the yield of plus 2-in. coke is shown as a 
funetion of the nominal top size of the anthracite fines used in the 
original coal blend. At the left of the figure the yield of plus 2- 
in. coke from the straight coking coal is shown above “No 
Anthracite.” The effect of the relative coarseness of the anthra- 
cite on the blockiness is rather obvious. In the latter the rela- 
tive strength of the blend cokes, as represented by the cumulative 
percentages remaining on 1'/j-in. and on */,-inch sereens after 
both 15 and 80-min treatment in the Ty-Lab tester, is shown as a 
funetion of the nominal top size of anthracite used in the original 
coal blend. 

It. will be noted that the trend of the relative strength versus 
top size or relative coarseness of the anthracite is in a direction 
opposite to that evident for blockiness in Fig. 8. The effect of 
increasing coarseness of the anthracite on the relative strength of 
the blend coke is unmistakable. It appears that finely pulver- 
ized anthracite is not wholly detrimental to the quality of the 
coke, and when the top size of the anthracite is between about 20 
to 60 mesh there is some enhancement of the coke strength. The 
results shown in Figs. 8 and 9 suggest that, as a generalization, 
there is some justification for the observation previously cited to 
the effect that the larger the percentage of inerts passing 50 mesh, 
the better the structure of the coke. 

It was evident from the results of the foregoing experiments 
that it would be desirable to examine the effect of 5 per cent each 
of specific size fractions of anthracite fines on the relative strength 
and blockiness of blend cokes made with the same bituminous 
coal. Consequently, experiments, the results of which are 
shown graphically in Figs. 10 and 11, were conducted using the 
sized fractions indicated. Even a cursory examination of these 
two figures shows that the general relationships that exist in Figs. 
S and 9 between the size of the anthracite and the strength and 
blockiness of the blend coke, also exist in these figures. The 
same marked changes in the strength and blockiness in the 
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vicinity of 40 to 60 mesh are also evident. The effect of 5 per 
cent of the composite 12 X 200-mesh anthracite is noteworthy. 
In general, the results for this composite are in accord with the 
results obtained with the individual fractions from which the 
composite was made up. The striking behavior of the sizes and 
fractions in the vicinity of 40 and 60 mesh suggests that more 
intensive study should be conducted in order more clearly to 
define that behavior. 

In the light of the results observed in the foregoing experi- 
ments, the results of the work shown in Figs. 12 and 13, in which 
5 per cent each of ten different No. 5 buckwheats were used, are 
of special interest. Fig. 14 in which the volatile-matter con- 
tents, specific gravities, and size consists of the ten buckwheat 
anthracites appear, should be used in conjunction with Figs. 12 
and 13. Mental superposition of these three figures will show 
again the same general trend that is evident in Figs. 8, 9, 10, and 
11; namely, that coarseness of size consist of the anthracite tends 
to enhance the relative blockiness of the blend cokes, while fine- 
ness tends to enhance their relative strengths. It will be noticed 
in Fig. 14 that generally those buckwheats having the coarser 
size consist also happen to possess higher specific gravities and 
lower volatile-matter contents. 

Two of these No. 5 buckwheat samples, Nos. 18 and 31, are be- 
ing used for blending in the production of foundry coke with 
apparent satisfaction. In Fig. 12 it will be seen that both of 
these samples show up well with regard to relative blockiness, but 
not quite so well in relative strength in Fig. 13. It will be seen 
from Fig. 14 that both anthracites have low volatile-matter con- 
tents and high gravities. Three other of these No. 5 buckwheat 
samples, Nos. 6, 14, and 30, are reported to be used for blending at. 
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EFFECT OF BLENDING FIVE PERCENT 
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coke plants, but it will be observed that the characteristics of SOME CHARACTERISTICS OF NO.5 BUCK- 
these three buckwheats differ considerably as do their blend WHEAT ANTHRACITES VS RELATIVE 
cokes. The results with sample No. 16 are rather unique. The STRENGTH OF BLEND COKES* 


relative blockiness of the blend coke is low while its relative 
strength is high, yet the specific gravity of the anthracite used is 


low and its volatile content is high. 
An examination of the various data for the ten No. 5 buckwheat z= : 
anthracites suggested that some relationships should exist be- ze ‘ . 
tween certain characteristics of these buckwheat anthracites and o¢ 
the relative strengths of their blend cokes, as represented by g ti > 8 , 
the cumulative percentage of coke remaining on #/, in. after 80- a ve ; 
min treatment in the Ty-Lab tester. In Figs. 15 and 16 are 5 #2 ° ‘ : 
shown several apparent correlations. In the former the specific $ ze 
gravities and volatile-matter contents of the ten original No. 5 < a 5 : 
buckwheat anthracites are shown on the ordinate while the rela- eee 7 ] 
tive strengths of the blend cokes containing 5 per cent each of the E 
ten different anthracites are shown on the abscissa. In the ; ; 
latter the percentage of 40 X 60-mesh material in the ten x = @ 1.70 
original No. 5 buckwheat and the thermal breakdown, i.e., é ee 16s - 
thermal stability, of the standard 16 X 30-mesh fractions of the — 
ten No. 5 buckwheats are shown on the ordinate while the relative = ee . ; 
strengths of the blend cokes are on the abscissa. The correla- F = ad 
tions are reasonably clear and somewhat at odds with certain is 
prevailing ideas regarding the relative suitability of anthracites 46 48 50 52 54 56 58 6O 62 64 66 
for blending. 
No such apparent correlations between some characteristics of hee 
the buckwheat anthracites and the relative blockiness of the CUMULATIVE PERCENT : 
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In order to demonstrate the effect of using different types of 
coking coal and increasing the amount of anthracite on the 
relative blockiness and strength of the coke, several preliminary 
experiments the results of which are compiled in Table 4, were 
conducted. Perhaps the most unique thing in the entire set of 
tests is the remarkable difference in the relative strengths of the 
blend cokes made from the two different coking coals each 
blended with 15 per cent of No. 5 buckwheat in its original size 
consist, as contrasted with the strikingly similar strengths of the 
blend cokes made from these coking coals but with 15 per cent of 
No. 5 buckwheat pulverized to minus 100 mesh. In contrast 
with this, the relative blockiness of the blend cokes, as yield of 
+2-in. coke, does not differ to any great extent. 

As a matter of interest a sample of a standard commercial 
coking blend containing 6 per cent of No. 5 buckwheat anthra- 
cite with high- and low-volatile coals in the ratio of 60-40, was 
secured. The yield and relative strength of the coke from this 
blend, after carbonization in the laboratory oven, are shown in 
Table 4. The relative strength appears to be about the same as 
the strengths observed on the two cokes made with 15 per cent of 
minus 100-mesh anthracite in the coal blend. 

A sample of regular by-product coke made from this blend was 
also secured. The results of testing this coke in the Ty-Lab 
tester are shown in Table 4, and by means of A.S.T.M. drop shat- 
ter in the footnotes. This coke was also subjected to multiple- 
drop shatter and mathematical analysis for rate of degradation (8), 
the final results of which are also presented in the footnotes of 
Table 4. 

Since particle shape has also been suggested as a factor which 
may be significant in the selection of buckwheat anthracites for 
blending, the ten No. 5 buckwheats used in the coking tests were 
examined with this in mind. Three different observers,’ using 
naked-eye observation as well as a low-power binocular, were in 
reasonable agreement regarding the shapes of the particles which 
were predominantly rhombic, rhomboidal, or cuboid, with some 
platelike or needlelike particles also present. But no correlation, 
the degree of which was as significant as those correlations already 
shown, could be deduced between particle shape and the charac- 
teristics of the blend cokes. 


CONCLUSIONS 


It has become evident as a result of the foregoing work that 
anthracites of high specific gravity and low volatile-matter con- 
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tent are not necessarily more suitable for blending than low- 
gravity, high-volatile anthracites, although it has been reported 
recently that high-gravity, low-volatile anthracites are most suit- 
able for blending in small amounts in the manufacture of by- 
product coke. 

In this small-scale carbonization work there was a discernible 
tendency toward increased blockiness and decreased strength 
the blend cokes made with anthracite fines of coarser size con- 
sist, while with buckwheat anthracites of finer size consist the 
tendency was reversed. This would suggest that an anthracite 
for blending must be chosen, at least in part, on the basis of the 
use value of the resultant coke, e.g., in foundry coke blockiness i+ 
prized more highly than in blast-furnace coke. There is a reason- 
able indication from the results of the relative-strength tests on 
the blend cokes, in particular the cumulative per cent of coke 
remaining on */, in, after 80-min treatment in the Ty-Lab tester, 
that increased strength of the coke is favored by the use of anthira- 
cites of lower specific gravity and higher volatile-matter content, 
at least with the ten No. 5 buckwheat anthracites used. It ap- 
pears that breeze production, of which the minus 3/,-in. coke re- 
sulting in the 80-min Ty-Lab treatment might be taken a- « 
measure, tends to be lessened by the use of No. 5 buckwheat 
anthracites of finer size consist, lower specific gravity and higher 
volatile-matter content. 

In these tests there is evidence that pulverization before blend- 
ing of a No. 5 buckwheat of higher gravity and lower volatile 
content, which originally is of relatively coarse size consist, wil! 
result in improved strength of the blend coke over that of the 
coke made with the anthracite in its original size consist. 

These laboratory tests indicate that the plus 20-mesh materia! 
in a No. 5 buckwheat, which in the ten No. 5 buckwheats tested 
varied from 28 per cent to 68 per cent, may be more detriment:! 
to the strength of the blend cokes than would any apprecia!le 
amount of minus 100-mesh material. However, it was evident 
that the presence of plus 20-mesh material was conducive to in- 
creased blockiness of the blend cokes. 

No significant correlation could be deduced between the 
particle shape of the ten No. 5 buckwheat anthracites and the 
characteristics of the corresponding blend cokes. 

The laboratory investigation of the various No, 4 and 5 buch- 
wheat anthracites indicated the following apparent relationship 
for the anthracites alone: 

1 In general, buckwheat anthracites of higher volatile-mattc: 


TABLE 4 MISCELLANEOUS EXPERIMENTS 


{Relative strength of coke as mea- 


Relative ‘sured in Ty-Lab tester. Initial 
bulk den- ; size: 100 per cent +1!/:-in. Cumu- Apparent 
sity of -—Coke yields, per cent—~ lative per cent remaining specific 


Coals used 


-—After 1imin—  —After 80 min— gravit) 


coal, 
lb percuft Total +2in. +1?/2in. On On 3/4 On On 4/4 of coke 


Bituminous Anthracite 
100 per cent, Pittsburgh seam, ' 
high volatile Sasi 45.5 64 51 &9 60.3 83.8 31.8 63.0 0.479 
100 per cent, Lower Kittan- 
ning@ seam, low volatile 48.0 81 45 &3 62.3 84.9 39.8 67.0 0 86 
&5 per cent, Lower Kittanning 15 per cent No. 29 original ‘i sae , 
korg low-volatile * 5 buckwheat 48.0 81 90 98 75.4 83.2 48.3 60.6 0.83 
85 per cent, Pittsburgh seam 15 per cent No, 29 original 46.2 72 96 on 38.9 46.1 0.7 10.4 0.81 
85 per cent, Pittsburgh seam 15 per cent No. 29, 1004 
per — minus “H 51.8 68 85 96 75.7 85.8 54.3 67.9 0.88 
mes 
85 per cent, Lower Kittanning 15 per cent No. 29, 100 
seam per cent minus - 51.8 77 82 97 72.8 84.0 56.5 70.0 0.80 
mesh 
Standard commercial by-product blend 6(60-40, high-vola-} ss 
tile-low-volatile) with 6 per cent of No. 5 buckwheat 49.9 75 66 92 71.1 88.1 52.9 74.9 0.8. 
carbonized in small-scale oven 
Anthracite blend cokec made in a standard by-product 
(3 X 1'/2-in. initially) 94.0 94.6 83.0 84.5 0.92 


oven from the blend above containing 6 per cent of No. " 
buckwheat 


« Lower Kittanning seam coal of the following proximate analysis: Moisture, 1.1 per cent; ash, 13.0 per cent; volatile matter, 17,9 per cent; fixed ©! 


bon, 68 per cent. 
 Air-dried before coking in the laboratory oven. 


¢ This coke was made on a coking time of 18.4 hr in a 20-in. oven. The A.S.T.M. Standard 2-in. shatter index for this coke is 86 while the 1'/:-in. index 
is 94, both of ~~ are ty ae ry higher than is the case for straight bituminous cokes generally. Using the multiple-drop procedure (8) of the Coal Research 


Laboratory of Carnegie 


nstitute of Technology, the rate of degradation of this anthracite-blend coke is —1.24 per 10 drops, as contrasted with values of 


—0.74 to —1.39 for three commercial blast-furnace cokes from straight bituminous coal as reported by the Coal Research aboratory. 
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content and lower specific gravity possess lower thermal stability 
than do anthracites of tower volatile content and higher gravity. 

2 High-temperature thermal treatment of the buckwheat 
anthracites increases their physical stability or relative ‘“inher- 
ent” strength as measured in the microstrength test apparatus. 
The bueckwheats showing the lower physical stability before 
thermal treatment often show a greater increase of strength as a 
result of thermal treatment than do those possessing the greater 
stability before thermal treatment. 

3. For the buckwheat anthracites tested there was, in general, 
no satisfactory correlation between the physical stability of the 
raw anthracites, as measured in the microstrength tester, and the 
specific gravity of the anthracites. There was, however, some 
tendency toward higher-gravity anthracites possessing greater 
physical stability than lower-gravity anthracites. The degree of 
relationship with volatile-matter content is similar. 

{ For the 27 No. 4 and No. 5 buckwheat anthracites tested 
there was no clear or distinct correlation between the specific 
gravity and the volatile-matter content of the anthracites; how- 
ever, there was some tendency for the samples of higher volatile- 
matter content to possess lower specific gravity. 

Finally, the selection of an anthracite for blending in by- 
product coke manufacture should be on the basis of the use value 
of the coke, keeping in mind that a higher-gravity, lower-volatile 
anthracite will not necessarily prove more suitable than a lower- 
gravity, higher-volatile anthracite. In addition, No. 5 buek- 
wheat anthracite should be selected, the size consist of which 
will result in the desired strength and blockiness characteristics, 
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Blending Coals Reflects Greater 
Uniformity of Product 


By R. F. STILWELL,' CLEVELAND, OHIO 


Coal consumers look for three qualities in their fuel, 
suitability for their requirements, uniformity in ship- 
ments, and proper heating value, as well as suitable chem- 
ical and physical characteristics. The present paper gives 
a broad picture of the part that blending plays in the at- 
tainment of these qualities, discussing methods and 
equipment which have given the best results. Case ex- 
amples are cited of the improvements achieved by suitable 
blending practices. Metallurgical engineers have had 
much wider experience in blending raw materials than 
have coal-preparation engineers; and the author has in- 
corporated notes on ‘‘bedding’’ or blending with reference 
to coal, by A. J. Boynton, an authority on the subject. 
Suitable bin designs for blending purposes are included in 
the paper. 


HERE are three things which all coal consumers look for 

when they burn coal, these are: (1) suitability for their 

particular requirements and burning equipment, (2) uni- 
formity of shipments, and (3) quality, as expressed by heating 
value and other chemical and physical tests. 

Suitability or proper application is determined generally from 
previous buying experience. It is a function of (a) the reliability 
and integrity of the shipper and distributor, (6) of a certain coal 
field or seam, and (c) of uniformity and quality. 

Quality is limited by the location and geology of the seam and 
mine, the mining and preparation methods and equipment, and 
the knowledge and ability of the personnel. 

Uniformity of shipments is in many ways the most important 
factor in coal selection. Lack of uniformity in chemical quality, 
size consist, and treatment causes most of the customer com- 
plaints which are the fault of the coal shipper. Lack of uniform- 
ity destroys suitability and quality standards, causing a large 
customer turnover, and greatly increases sales expense as well as 
reduces the net return to the operator. 

Oil and gas fuels enjoy a greater uniformity of quality than 
solid fuels and there will be more gas and oil competition for coal 
markets after this war than before because the size of their mar- 
ket is a direct function of the dimensions of their pipe lines which 
have been greatly increased during the war. 

Present mechanical - coal-cleaning equipment based on 
gravity concentration has gone al long way toward giving us a 
coal of uniform ash content. The chart, Fig. 1, by Hebley* 
shows the greater uniformity of washed coal as compared to raw 
coal with respect to ash content. Wide variation in the nature 
and amount of ash in the coal feed to the washer results in a coal 
of nonuniform ash content. Mechanical cleaning equipment 
does not “understand” such terms as ash-softening temperature, 


! Fuel Engineer, North American Coal Corporation. 

*“Economics of Preparing Coal for Steam Generation,” by H. 
F. Hebley, Trans. A.I.M.E., vol. 130, Coal Division, 1938, pp. 79-99. 

Presented at a Joint Meeting of the Fuels Division of Tae AMERI- 
CAN Society oF MECHANICAL ENGINEERS and the Coal Division of the 
American Institute of Mining and Metallurgical Engineers, Charles- 
ton, Wesi Va., Oct. 30-31, 1944. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


coking properties, size consist, and sulphur content. Unless 
the feed to the washer is uniform the washed coal will probably 
not be uniform. 

Table 1 shows the ash, sulphur, and ash-softening temperature 
of two mines in the Pittsburgh bed, both raw and washed, loaded 
over the same tipple; also No. 3 and No. 4 Pocahontas seams 
both raw and washed, loaded over the same preparation plant. 
It is obvious that they must be blended or loaded separately if a 
uniform product is to be obtained. 


Why Is BLENDING NECESSARY? 


It was natural for the captive-tonnage operators producing 
by-product coals to recognize the necessity for blending raw 
coals of different quality and coking characteristics. They have 
had many years of experience with blending high-, low-, and me- 
dium volatile coals at their oven plants. They have found that 
careful blending gives them a coke of more uniform quality and 
better structure. Coals which could not be coked successfully by 
themselves could be blended with other coals to produce a satis- 
factory coke. They have found that the better coke produced 
resulted in greater furnace capacity and lower-cost pig iron and 
steel. It is significant that all of their recently installed coal- 
preparation plants include elaborate blending plants. 

Operators supplying the commercial market have been slow 


to adopt blending as a part of their preparation plants; proba- 
bly as Hebley? states, because of its intangibility, uniformity 
does not fully reflect its importance to the coal-mine operator 
who is supplying consumers of steam coal. 

There are many reasons why blending is necessary. Some of 
these are as follows: 


1 Variation in quality over large areas. The prospecting of 
any large area containing one or more coal beds by diamond 
drilling and outcrop openings usually shows wide variation in ash 
and sulphur and may show wide variation in ash-softening tem- 
perature. The rapid exploitation produced by mechanical load- 
ing will probably bring quality changes more quickly than by 
hand loading. 

2 Loading two or more seams over one tipple. Many mines 
in the steep mountainous regions of West Virginia, Virginia, 
Pennsylvania, and Kentucky, and at least one operation in 
Illinois load two or more seams of coal over the same tipple. In 
some cases these seams have wide differences in chemical analy- 
ses, physical properties, appearance, and coking properties. It 
is more economical to blend these seams and load them together, 
if a market is available, and provided that they can be blended 
uniformly. 

3 Where mechanical cleaning equipment is installed wide 
variations in the washer feed make it difficult if not impossible 
to keep the washer in continuous operation. Careful blending 
may eliminate the necessity for a washer in low-ash-coal beds. 

4 Blending through bins is about the only method available 
for producing a nut and slack coal of uniform size consist and 
for varying the proportion of one or another size necessary for 
obtaining the best results with various types of burning equip- 
ment. 

5 Some mines use two or three different methods of mining; 
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TABLE Ll EFFECT OF WASHING WITHOUT BLENDING ON UNIFORMITY 


-——-Pittsburgh bed-——. Pocahontas No. 3 and No. 4 
—Raw— —Float 1.55— —-Raw—~ —Float 1.55-—~ 


(2) 
Ash, per cent 
Sulphur, per cent 
temperature, deg 


(1) (2) no.3 no. 4 no. no. 4 


6.4 5.6 9.8 9.6 6.3 1 6.7 


2500 2600 2720 2460 


boa) 
oO 


w 


wn 


Data Seam Pittsburgh 
Size of coal 4°x0" 
Raw Cleaned 


Cleaned coa/ 
probability’, 


tr 


ve. ash 6.8% 


‘S 


w 


4--Approx. 50 out of every 100 samples 


6.64 6. % ash ~ Increments per sample 16-375 32-375 Ib. 


| 
Approx 83 out of every samples _| 
| fall 648 and % 
Approx. 96 out of every 100 sample. 
fall 32 7.28% ash 


Number of samples 353 


uw 


below 6.32 or above 
7.28 ash 


pam i 4 out of every 100 
Samples will fall either 


tall between 8.42 and 298 % ash 


Apron. 63 out of every /00 samples 


x 


a 


% 94-100 
‘Between 


/ther below. 


Raw coal 
probability 


Worabove 


(Approx Qout of 4 


Per cent of samples containing per cent ash shown on abs. 
6.48 


S 


> 


ve 


0.37% ash 


100 samples 
between 8.8/ 


RW 


AN 


Ny 225 % ash 
WY Li ie 


25) (7.55 785 


845 875 905 935 965 9.95 10.25 10.55 


Per cent ash - dry basis 


Fic. Comparison or Untrormity BETWEEN Raw AND WasHED Coan 


for instanee, hand loading, mobile loading, and conveyer loading 
in the same mine. Blending is necessary under these conditions 
in order that a more uniform product may be loaded. 


The upper and lower Cedar Grove beds in Mingo County, West 
Virginia, have an interval of about 70 ft between them. Both 
are of good quality and are generally mined together and loaded 
over the same tipple. Sometimes they are loaded separately 
while at other mines they are blended. Table 2 shows significant 
differences in the sulphur content, ash-softening temperature, 
and coking properties which are borne out in actual plant tests. 
The difference in the amount of splint and bright coal is notice- 
able in the domestic block or lump sizes if it is not uniformly 
blended and brings complaints from dealers asking for more of 
“that green coal’’ because of the green cast which forms on the 
bright coal band in the lower Cedar Grove bed upon exposure to 
alr. 


VaLvuE oF Unirorm Qua.ity, Size, AND APPEARANCE 


Steel-company plant tests show that a change of 1 per cent in 
the ash content of the coal charged to their ovens will affect the 
rate of production from 3 to 6 per cent. If the ash content of their 
coal varied from 6 per cent one day to 9 per cent the next, one can 
well imagine the reaction of the management. Iron production is 
definitely limited today because of an increase in the ash and sul- 
phur content of coal since the war began, and a lack of uniformity 
of coke because of variability in the ash, sulphur, and moisture 
content of coal. Variation in the sulphur content of coal may 
easily vary the cost of steel $1 per ton or more. 


TABLE 2) EFFECT OF BLENDING I te R AND LOWER CEDAR 
GROVE BE 
Lower’ Blending 


Cedar as 
Bed irov Grove mined 


2.¢ R 3.0 
Volatile matter, per cent. 34.5 
Ash,® per cent 6. 7 
Sulphur,* per cent... 
Btu,*..... 
Ash-softening temperature, deg 
Ash-coftening temperature, deg F 
Fines, 
Agglutinating index (15:1)¢ 
Friability,© per cent 
Bright coal,¢ per cent 
Semisplint,* per cent.................. 
* Size 2 X O in. 
¢ Run of mine. 


When melting malleable iron with pulverized coal any varia- 
tion in the moisture, ash, and sulphur content of the coal is re- 
flected in longer melting time, which results in increased labor 
and supply costs, thus increasing the cost of manufacture. If the 
sulphur becomes too high the metal may be lost entirely. A 
uniformly high temperature must be maintained with nearly 
constant CO,-CO ratio in the furnace, which means that the 
coal must have a uniform Btu content and be fed at a constant 
rate. Variations in the ash and moisture content change the rate 
of delivery of heat to the furnace. 

Variation in coal quality causes just as much trouble for the 
steam-coal consumer as it does for the by-product and metal- 
lurgical user. In addition to this the steam-coal consumer is 
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TABLE 3 EFFECT OF MOISTURE, ASH, AND SIZE VARIATION ON EVAPO- 
RATION, EFFICIENCY AND COAL COST, BURNING CEDAR GROVE SEAM 
(2 X 0-IN.) SCREENINGS ON MULTIPLE-RETORT STOKERS4 

Coal 

cost 

Evapora- along- 

Fines tion side 
Mois- from plant Burning Ash, 
ture, Ash, Btu as 0 in. and at’ Efficiency, per ton, rate, lb lb per 
percent percent received percent 212 F percent dollars per hr 24hbr 
3.0 6.0 13875 25 10.7 75.0 5.50 40 10750 
6.0 6.0 13420 25 10.3 74.8 5.71 41 11160 
6.0 9.0 12975 40 9.7 73.0 6.07 44 12000 


* Load = 200 per cent rated capacity; burning rate 5600 lb, 13,875-Btu coal per hr, or 


40 lb per sq ft grate per hr. 


very much interested in a uniform size consist. The steam-coal 
consumer should have every consideration by the commercial 
shipper for he pays Just as much for his coal in normal times (and 
often more) than the coke-oven operator. 

Tests show that a variation of 1 per cent in ash content of coal 
from the same mine of the same size on the same boiler, under the 
same load, equipped with underfeed or chain-grate stokers, alters 
the boiler efficiency from 0.10 to 0.60 per cent in efficiency with 
an average of 0.34 per cent. A variation of 3 per cent ash in the 
same coal, which is common today, means a Btu variation of 
about 450 for a high-rank bituminous coal. The same variation 
in Btu occurs with a corresponding variation in the moisture con- 
tent as occurs with a variation in ash content. One per cent of 
moisture or ash reduces the Btu value by 1 per cent. 

Free or surface moisture up to about 5 per cent may actually 
result in an increase in boiler efficiency where chain-grate or un- 
derfeed stokers are the firing equipment. Free moisture always 
results in a lower burning efficiency where boilers are pulverized- 
coal-fired, 

Variation in the size consist of coal on stoker fuel beds for coal 
from the same mine may cause a variation of from 1.5 to 2.5 per 
cent in burning efficiency for a coking coal. If the ash and mois- 
ture increase as the size decreases there is a much greater varia- 
tion in efficiency, Table 3 shows the effect on coal costs of 
variations in ash, moisture, and size consist of a Cedar Grove 
seam coal. 

Table 3 is based on an average industrial stoker-fired boiler 
plant in Detroit which normally burns District No. 8 Southern 
high-volatile coal. An increase of 3 per cent moisture alone 
increases the coal cost by 21 cents per ton. An increase of 3 
per cent ash, plus 3 per cent moisture, and 15 per cent in 
the ('/, X 0 in.) fines increases the coal cost by 57 cents 
per ton. These figures are not generally appreciated by the 
coal operator. The table shows that considerable investment 
could be made by an operator for washing and blending coal for 
this market if he had variations in quality and size shown in the 
table. In this particular coal increases in ash content and lower 
ash-softening temperature occurwith anincrease in the percentage 
of ('/, X Oin.) fines. Table 3 also shows the increased burning 
rate which follows an increase of moisture or ash which may mean 
a steam failure if the stoker is running wide open. It also shows 
the greater amount of ash which must be handled because of in- 
creases in ash and burning rate. 

Variations in the fusing point of the coal ash are troublesome 
in steam generation. The suitability or the market for a certain 
coal is limited to a rather narrow fusing-point range. In the 
case of the Cedar Grove coals of Table 2 a much wider range of 
markets is available if they are properly blended because of the 
ash-fusing and coking characteristics. The upper Cedar Grove 
coals, if loaded separately, give good results in wet-bottom pul- 
verized-coal-fired furnaces and on side-dump stokers and dead- 
Plate types where the ash is removed in the form of clinker. 
However, in its fusing range this coal is in competition with 
large tonnages of low-fusing-ash coals on lower freight rates. 


The lower Cedar Grove is limited to high-fusing applications and 
to larger stokers carrying heavy loads, where its stronger coking 
feature is not a factor. Blending produces a coal of 2500 deg 
ash-softening temperature which meets the specification of the 
high-fusion customer and permits the coal to satisfy much of the 
lower-fusing-ash and less strongly coking market. 

Domestic coals are generally sold on appearance and physical 
structure with chemical quality taking a secondary role. Blend- 
ing out variations in color and structure will eliminate dealer 
complaints and rebates. Mines having pillar sections which 
have been under pressure, or hand- and machine-loading sec- 
tions, can make excellent use of blending for the domestic market. 
In the case of the Cedar Grove coals or other mines loading two 
seams together, careful blending must be practiced to avoid hav- 
ing two grades of coal of the same size selling at different prices 
at the same mine. If not carefully blended they should be loaded 
separately. 


Metruops oF BLENDING 


Blending at a mine is generally done by one of three methods or 
combinations of two or more of these methods, namely, (1) layer 
loading, (2) dumping mine cars of one grade of coal in definite 
ratios with cars of another grade, and (3) bymeansof bins. Blend- 
ing at the face of two or more benches of coal in the seam having 
different analyses could be done fairly well in hand loading but 
is not practical with mechanical loading. Machine cuttings 
could be fairly well distributed over the day when hand loading, 
but this procedure does not seem to be feasible with machine 
loading. 

Layer loading is a procedure for placing coal in railroad cars 
in horizontal layers by shuttling from one to six railroad cars, 
hooked together, past the loading boom two or three or more 
times by means of a combination hoist and ear retarder. It will 
smooth out many of the variations in moisture, structure, and 
chemical quality which occur in different sections of a mine. It 
is effective also in minimizing segregation of coarse and fine coal 
when loading nut and slack, or run-of-mine or resultant sizes. 
It is also effective in reducing the amount of breakage in loading 
domestic sizes. Fig. 2 is a chart prepared by Castanoli*® showing 
a comparison of layer and conventional loading. Care should be 
taken to hook together enough railroad cars to accommodate the 
various sections of the mine. For a mine loading two seams of 
coal at a rate of 300 tons per hr of which one seam supplies 200 
tons per hr, loading 15 per cent lump, 20 per cent egg, 15 per cent 
stove, and 50 per cent nut and slack, then at least 3 cars should 
be hooked together on the nut and slack track, while only one car 
on the lump, egg, and stove tracks might be sufficient. 

Layer loading will not always eliminate size variations and de- 
pends on trips coming out of the mine in a systematic and regu- 
lar routine which is not always possible. It has been most effec- 
tive in loading domestic sizes of unwashed coal. It may result 
in too many partly loaded cars which may be finished out by 


3 “Layer Loading,” by A. F. Castanoli, American Mining Congress, 
Washington, D. C., 1935, p. 270. 
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CONVENTIONAL LAYER-LOADED 


ySURGES FOR PREVENTING CAR CHANGE DELAYS 
CONVEYOR Com j 
i 
ip REVER 
Go00 GOOD down | Boor 
a-¢ 


CAR N® 2 CONTENTS Car wes CAR CONTENTS 

26 7ONS 34.7PERCENT CONV. HBT 333 PERCENT CONV. 36.2 PERCENT conv conv PERCENT 
267 463 PERCENT ROOM ERT. 407 PERCENT noon r foon PERCENT 

PULAR JBTONS 240PEACENT = PILLAR IIT 204 PERCENT PULLARIBT. 341 PEACENT PERCENT PERCENT 


SNUB SHEAVE 
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Fie. 2. Layer Loapinas Versus ConvENTIONAL LOADING 


conventional loading. Many operators look upon layer loading the coal in bins. Anyone interested in blending coal should read 
as a means of reducing breakage rather than a means of blending the paper on this subject by David R. Mitchell‘ and discussion by 
but the blending possibilities are greater than generally realized E. W. Davis.® 
in older mines which do not justify more expensive equipment. Blending through bins would seem to be impractical for do- 
Dumping mine cars of one grade of coal in definite ratios with mestic sizes of soft semibituminous coal on account of breakage. 
cars of another grade is used effectively at many mines. It is For most bituminous coals it is practical and many mines are 
often employed where coal washers have been installed without storing and blending the run-of-mine coal. Bins at southern 
blending bins. It is used in the Pocahontas field when loading West Virginia mines sometimes serve a dual purpose; two grades 
two different seams through a common washing plant. It is orseams are either loaded separately or blended together depend- 
used in the Elkhorn field for blending hand-loaded (low-ash) and ing on the specifications or uses of the consumer. This feature 
Joy-loaded (high-ash) coal for a common washing plant. It is increases the market range of a mine. 
used in eastern Ohio for blending strip and deep-mine coal for a Bins provide considerable flexibility in mining operations as 
common washer. When there are great differences in the wash- well as continuous operation of the preparation plant. At one 
ing characteristics, as at a southern Illinois mine loading the No. mine (perhaps more) two shifts are worked in the mine while the 
5 and No. 6 sizes through the same plant, one seam is loaded on _ preparation plant operates one shift. 
one shift and the other on the second shift. The washer is ad- The number of bins to employ for a blending job and their size 
justed at different gravities for each seam. Partly loaded cars must be carefully determined after all of the quality variations 
are pulled back through the tipple and held for the next day by have been carefully determined by analysis as well as the de- 
the railroad. sired product uniformity. For commercial mines, variations in 
Loading mine cars in definite ratios requires extra mine carsand moisture, volatile matter, ash, sulphur, Btu coking properties, 
may slow up production. It requires a special track layout and and ash-softening temperature are all very important. 


dumping equipment. It is usually impractical in older mines or One large bin will do the job if proper mixing is assured and 
where there may be three or four or more different grades of coal _ segregation eliminated by correct stocking and reclaiming meth- 
loaded over the same tipple. ods such as outlined by Boynton® later in this paper. 

The necessity for a uniform feed to a coal washer is something For smaller mines and old mines where expensive equipment 


the operator sees and understands more clearly than the necessity _is not justified a number of small bins equal to the numbers of 
for a uniform product for the consumer. Therefore it may be 
assumed that coal washing will bring much greater uniformity to ‘Segregation in the Handling of Coal,” by David R. Mitchell, 


the consumer than the washer itself will provide b vity con- Trans. A.I.M.E., vol. 130, 1938, pp. 107-128. 
centration ° — 5 Discussion of reference (4), by E. W. Davis, Trans. A.I.M.E., vol. 
130, 1938, pp. 134-142. 
Storing different grades of coal in bins would be the ideal ¢ “Notes on Bedding Practice,” by A. J. Boynton, A. J. Boynton 


system of blending if it were not for segregation and breakage of & Company, Chicago, II. 
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STILWELL—BLENDING COALS REFLECTS GREATER UNIFORMITY OF PRODUCT 


TABLE 4 RESULT OF BLENDING TWO LOW-VOLATILE COALS 
ON ASH-SOFTENING TEMPERATURE 


100 per cent Coal A 

100 per cent Coal B 
25 per cent A—75 per cent B 
50 per cent A—50 per cent B 
75 per cent A—25 per cent B 


grades of coal produced might be the best solution. Smaller 
bins are subject to less breakage and size segregation than larger 
ones. The smaller bins should be cubical or cylindrical and 
equipped with baffles, as recommended by Davis,’ in order to 
minimize segregation of sizes. Blending bins must be kept full 
or nearly full by stocking and reclaiming simultaneously if they 
are to be efficient. 

The new Geneva mine in Utah supplying coal for the Columbia 
Steel Company is designed for 10,000 tons of coal per day. The 
coal is crushed to minus 3 in. and stored in 16 blending bins. 
These are used to give a uniform product as the coal comes 
from different portions of the mine. 

Another steel company, producing about the same tonnage 
(12,000 tons per day), uses four large (500-ton) cylindrical bins in 
which the coal is kept at four different levels. Segregation of 
coarse and fine coal is at different stages at the four levels and 
as equal portions are taken from the four bins the effect of segre- 
gation is lessened. The feed is 4 in. X O in. Blending is done 
to provide a coal of uniform sulphur content. 

A commercial by-product mine in West Virginia blends No. 2 
gas and Powellton seams through bins. The No. 2 gas seam is 
crushed to 1 in. and loaded into a 700-ton reinforced-concrete bin 
with a 45-deg sloping bottom. It is filled by means of a rubber 
belt and tripper. The Powellton is loaded into a 300-ton silo 


and blended by means of a feeder into the No. 2 gas on a con- 
veyer belt in whatever proportion is necessary to maintain a 


required ash and sulphur content. 

At one mine in Kentucky the No. 4 and No. 7 Hazard seams 
are about 70 ft apart. They are loaded over the same tipple which 
is a very old wooden structure. Block, egg, stove, and nut and 
slack are loaded. It was found several years ago that this coal 
could not be sold at a good market price without blending owing 
to differences in ash-softening temperature and coking properties. 
Both seams are low in ash and with hand loading a washer is 
not required. There was room for only one small bin (70 tons) 
for the No. 7 steam. By keeping a steady flow of No. 4 seam 
coal to the tipple and feeding No. 7 from the bin into it in the 
ratio in which it is mined a uniform product is loaded. This is 
an example of what may be done at a small tonnage (1000 tons 
per day) mine. Layer loading was tried here and was found to 
be unsatisfactory. There is no appreciable segregation or 
breakage at this plant. 

A mine in West Virginia, mining the Island Creek and Chilton 
seams, loads the Chilton into a 500-ton bin sloping 45 deg from 
each end toward the center, equipped with double feeders. The 
bin is loaded from drop-bottom mine cars. The Chilton is either 
blended into the Island Creek for steam and domestic use or 
loaded separately for by-product use. Blending is used here to 
prepare a coal gf more uniform sulphur and ash-softening tem- 
perature and for preparing a better stoker coal. 

Another mine has blended the Alma and Eagle seams through 
small hillside-type bins for several years for the purpose of mak- 
ing a satisfactory stoker coal. Recently large bins (200 tons) of 
another design have been installed to care for larger capacity. 
This plant reports very little breakage loading through the bins. 
Lump, egg, stove, nut, stoker, and slack are loaded. 

A mine in Virginia loading the Marker and Taggert beds at the 
Same plant load each seam separately in the plus 2-in. size. The 


Ash-softening 
temperature, 


coals are low in ash content and are not washed. The (2-in. X 
10-mesh) size is binned in two 100-ton cylindricad steel bins (one 
bin for each seam) and blended as loaded from the bins by ad- 
justable feeders. Blending is controlled by chemical analysis. 
This mine produces about 1800 tons per day. Another feature 
of this plant is that a high-grade stoker coal is produced by blend- 
ing through two 100-ton bins a high-ash high-ash-fusing coal (not 
marketable itself) with a low-ash low-fusing-ash coal. Feeders 
are adjusted according to chemical analyses of regular routine 
sampling. This stoker coal is of premium grade. 

A very large mine in Illinois, perhaps the largest commercial 
mine in the world, has had an elaborate blending plant for nut 
and slack sizes for years. The plant is designed to produce 
stoker coals of nearly constant size consist and uniform quality. 
The management has recently installed washers to reduce the 
ash and sulphur content of No. 6 bed coal. 

It is common practice in many mines to wash coal in the size 
range of (5 in. X 4/,in.). In one operation the resultant ('/, 
0-in.) pulverizer runs 8 per cent ash in part of the feed and 12 per 
cent ash in another part. Unless the 12 per cent ash coal is 
mechanically cleaned it would be folly to load all of the (1/, x 0 
in.) into a common bin and worse still to blend it back as mined 
into the washed nut coal on a conveyer. There is a difference of 
600 Btu between the 8 per cent and 12 per cent ash coal which 
amounts to about 20 cents per ton in the market. If blended 
through two bins with a resultant 10 per cent ash coal it is doubt- 
ful if mechanical cleaning would be necessary. 

The fusing point of ash of the resultant blend of two or more 
grades of coal cannot be accurately predicted. Tests must be 
made before blending to determine this feature. Table 4 shows 
the result of blending two low-volatile coals for lake shipment on 
the ash-softening temperature. Serious clinker trouble devel- 
oped from this shipment at a plant in Minneapolis where either 
coal by itself had previously proved satisfactory. 


Brin DeEsIGNn 


Fig. 3 shows roughly the “hillside” type bin. This is the 
cheapest and simplest type of bin where coal beds outcrop on 
mountainsides. It is subject to more segregation of sizes and 
breakage than any other type per cubic foot of capacity because 
its length permits more time for rolling friction. The movement 
of coal inthis type bin is similar to the movement down the side 
of a conical storage pile. Like all bins, it should be kept as full as 
possible at all times. 

An improvement of the hillside-type bin is the twin sloping- 
end bin, Fig. 4, used a great deal in southern West Virginia, 
where two seams of coal are loaded over the same preparation 
plant. It is usually loaded from drop-bottom mine cars. After 
it is once filled it can be loaded with a small amount of segregation 
and breakage according to reports from the field. It is usually 
constructed of wood for tonnages from 100 to 200 tons. The 
sloping bottom is covered with sheet metal. The slope is usually 
about 45 deg. 

Another common type of bin is the silo, constructed of mono- 
lithic reinforced concrete or concrete staves, tongued and grooved. 
It is reported to be cheaper than wood bins in capacities ranging 
from 500 to 1000 tons. One operator uses this type bin equipped 
with ladders for lowering mine-run coal into the bin for reducing 
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Fie. (Top, left) Hitusipe Bin 


F:G.4 (Bottom) Stopinc-Enp Bin, Woop Construction 


Fic. 5 (Top, right) LappER 


breakage. There is a great deal of segregation of sizes in removing 
coal from a silo even if it is placed in the silo without segregation 
but some form of ladder or avalanche chute will reduce the 
amount of segregation and breakage. A spiral chute has little 
value. 

The author visited about twenty coal-preparation plants in 
1943, investigating methods of storing and blending through bins. 
All bins examined were subject to considerable size segregation, 
particularly where mine-run or resultant sizes of coal were binned. 
This means considerable variation in the quality of the coal as 
well as overloading and blinding of screens, just the drawbacks 
which the blending was intended to prevent. In many eases, 
however, there was a decided improvement in quality and uni- 
formity of product as compared to loading directly from mine 
cars to the screens or washer. 

Metallurgical engineers have had a great deal more experience 
in blending raw materials than coal-preparation engineers. 
They use the term “bedding’’ instead of ‘“‘blending”’ for averaging 
the composition and quality of raw materials so that a uniform 
product may be reclaimed. The term “bedding”’ results from the 
methods of piling ore in beds in layers such as the Robins- 
Messiter system. 


Nores BY Boynton® on “BEppDING”’ 


A. J. Boynton,* metallurgical engineer, has written some in- 
teresting notes on bedding, with reference to coal, and gives 
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sketches illustrating bin design for eliminating many of the bad 
features of present bins. The following notes and sketches are 
by Boynton: 

Enough experience has by this time been made public to show 
that averaging the composition and qualities of metallurgical raw 
materials by bedding confers a major technical benefit. The 
practical question which confronts the engineer is how to secure 
this benefit at the least cost. 

The scale of the bedding operation may vary in two principal 
respects. One of these is the rate at which material is bedded and 
reclaimed and the other is the size of the bedding unit. 

It is desirable that the contents of a bed shall include all the 
variations which are known to be likely to occur, provided these 
variations will presumably show themselves within a tonnage or 
interval of time small enough to permit inclusion in one bed. 

Where the rate of use is high and the material flows freely, 
gravity handling through a bin is worthy of attention. 

A complete averaging of quality by bedding may be considered 
as depending on the number of samples simultaneously taken 
in the reclaiming process as well as the number of tons in the 
bed. 

Long piles and large bedding units obtained by lengthening 
the pile increase the probability that all the variations in compo- 
sition of the materials are represented in the bed but do not in- 
crease the number of samples represented in the reclaimed cros- 
section. The ideal bedding form would be one in which the three 
dimensions are as nearly equal as possible. 

Many variations have characterized the construction and 
scheme of operation of bins built and used for bedding. Of these 
the least effective is the combination of silos. . . due to the 
failure to mix accurately and effectively by the acts of stocking 
and reclaiming. 

Reclamation by gravity from a bin is preferably carried out by 
vertical flow of the material. This can only be carried out by 
simultaneous withdrawal of material from end to end of the bin 
at an equal rate for each unit of its length. . . . If bedding is carried 
out along an inclined plane extending the length of the bin, with 
the angle of deposition less than the angle of repose, a system 
will exist which has the following characteristics: 


1 There will be no uncorrected size segregation and bulk den- 
sity will be constant. 

2 Bedding and reclaiming may be carried out simultaneously 
and continuously in a single unit. 

3 The horizontal or sampling face will be of maximum length. 

4 The bedding unit or mass which is being sampled in re- 
claiming is twice that of the contents of the triangular section 0! 
the bin. 


Flow of Material in Bins. Flow is at a maximum rate directly 
over the discharge opening. 

With a sufficiently large bin and a single (discharge) opening, 
the flow proceeds so that any downward movement disturbs the 
surface contour, evidence that the action sought in bedding is 
not being realized. 

By increasing the number of outlets and thereby limiting the 
horizontal cross section of the column above each outlet, it is 
feasible to bring material down through the bin in a mass and to 
cause it to move without disturbing the surfaces, Fig. 6. 

A bin as shown may have a width of about 42 ft, which means 
that each column width is 7 ft. The construction necessary to 
employ is shown in Fig. 7. This arrangement divides the bin 
into sections which are square horizontally in the same way that 
might be done by partitions, and more accurately because of 
friction of material on walls. 

Reclaiming Feeders. In order to obtain the accuracy of mix- 
ture desirable in a bedding operation it is necessary to discharge 
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STILWELL—BLENDING COALS REFLECTS GREATER UNIFORMITY OF PRODUCT 


SURFACE OF BEDDEO MATERIAL 


AREA OF MASS MOVEMENT 


7 
7 


WV. 


Fie. 6 Cross Section or BeppInG Bin 
(Boynton, reference 6, Fig, 21.) 


Bin Construction, ELEVATION SECTION 
(Boynton, reference 6, Figs. 22 and 23.) 


Fie. 8 Bin-ConsrructTion PLAN 
(Boynton, reference 6, Figs. 24 and 25.) 


not only in equal amounts per unit of length from end to end of the 
bin, but to discharge at a given rate per unit of time, continuously 
and regularly rather than intermittently. An intermittent dis- 
charge will not load the reclaiming conveyer uniformly, and an 
accurate means of composition will not be secured. 

The feeder suited to accomplish these objectives is a modifica- 
tion of the star feeder shown in Fig. 8. 

The feeder motors are arranged for variable speed. In the 
case of large bins (more than one shaft), the motors are electri- 
cally synchronized. One control will regulate the speed of all 
sections, 

Longitudinal Bedding Bin. If a bedding bin of the shape 
shown in Fig. 9 is used, it is necessary to distribute the material 
lengthwise, by means of a conveyer and tripper working on an 
angle on the slope. For this bin (42 ft wide) two distributing 
conveyers are used. 

Transverse Bedding Bin. The alternative form in which mate- 
tial is distributed down the slope by gravity in a bin is shown in 
Fig. 10. No mechanical means of longitudinal distribution is 
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used here as in Fig. 9, but a smooth inclined gliding platform is 
provided above the bed to insure uniform longitudinal distribu- 
tion. This platform has a slope somewhat greater than the 
angle of repose of the material. It distributes accurately by 
means of its shape. Transverse distribution is by means of belt 
and tripper. The bedding angle is a little less than the angle of 
repose in order to prevent segregation down the slope. 

The rate of flow of material down the slope may be regulated 
and prevented from becoming too rapid, particularly with respect 
to lumps, by chains or drag gates suspended across the slope. 

The bin for transverse bedding and gravity flow costs less to 
build and to maintain and is simpler to operate. 

Such an installation should include a mechanical sampling 
plant in connection with the reclaiming system for control of the 
operation. 


Storage. A continuous bedding bin provides no storage in the 


Fic. 9 Star-Type Feeper, ELEVATION Section 


(Boynton, reference 6, Fig. 28A) 


Fre. 10 Srar-Type Feeper, View 
(Capacity, 5000 tons; bedding unit, 10,000 tons. Boynton, reference 6, 
Fig. 28B.) 
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LONCITUDINAL BEDDING 
|. MAIN CONVEYOR 
2 SPLITTER. 
3.BEDDING BELTS. 
4. FEEDERS. 
5.RECLAIMING BELT. 
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ordinary sense of the word. The bin remains full at all times. In 
any bedding system the amount reclaimed must be replaced 
continuously. 

Economy. We estimate the cost of the bin shown in Fig. 10 
to be $410,000. It has a handling capacity of 10,000 tons per 8 
hr, and a bedding unit of the same size. It will handle 3,000,000 
tons of coal in 300 days of 8 hr each, and the fixed charges at 12.5 
per cent amount to $0.0171 per ton of coal handled. Two men 
form a crew for bedding and reclaiming operations. 

Conclusions. We believe that the bedding and reclaiming 
operations for material such as coal, if required to be done at a 
rate of 250 tons per hr or more, are most economically carried on 
by means of a bin system. Where the circumstances of opera- 
tion are adapted to continuous bedding, the system shown in 
Fig. 10 costs less to build and gives lowest over-all cost. It will 
produce a uniformity which with any considerable variation 
in the material (coal) will be worth much more than it costs. 
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TRANSVERSE BEDDING 
|, MAIN CONVEVOR,WHICH ALSO DISTRIBUTES. 
2, STANDARD TRIPPER. 
3.CONCRETE DISTRIBUTING SLOPES 
4 FEEDERS. 
5.RECLAIMING BELT. 


IsomMEeTrRIC ViEWS OF Bins For (A) LoNGiruDINAL BEDDING AND (B) TRANSVERSE BEDDING 


CoMBINATION BEDDING MEetuops UsEep 


The new Robena mine of the H. C. Frick Coke Company 
blends high- and low-sulphur coal by a combination of methods. 
Coal from high- and low-sulphur sections of the mine which are 
controlled by face sampling, are mixed by dumping mine cars 
in definite ratios. Next the coal is screened and the larger 
heavier pieces of refuse removed on a picking table. The coal is 
then crushed to 3 in. and bedded by means of a belt and tripper in 
an 18,000-ton horizontal bin of 168 compartments before going 
to the washing plant. The compartments are 7!/, ft wide X 
11 ftlong X 56 ft deep. Note the relatively small cross-sectional 
area. 

It would appear to be advisable at a commercial mine where 
domestic sizes are loaded to separate the lump (plus 5-in. to 7-in. 
size) by screening and blend it by layer loading, or to blend at 
the dumping point rather than through bedding bins. 
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Within recent times as part of its exhaustive studies on 
the burning of solid fuels on grates, the Bureau of Mines 
has investigated the factors affecting the burning of fuels 
on the cross-feed principle. Small-scale laboratory 
experiments, where the many variables could be closely 
controlled, have furnished information on the behavior 
of various fuels on traveling-grate stokers. Out of the 
wide range of results obtained, the present paper is limited 
generally to the study of ignition travel through a fuel bed 
and to important factors affecting it. Later reports will 
cover other phases of the investigation. 


studies of the fundamentals affecting the burning of solid 

fuels on grates, beginning with the early investigations by 
Kreisinger‘ and his co-workers on the principles of overfeed 
combustion and continuing with the work of Nicholls® on under- 
feed burning processes. As a natural development, the factors 
affecting the burning of fuels on the cross-feed principle have 
been investigated more recently. This study furnished im- 
portant information on the behavior of various fuels on traveling- 
grate stokers and was conducted in relatively small-scale labora- 
tory apparatus where the many variables involved were subject 
to close control. 

Initial ignition of the surface of the fuel bed by heat transferred 
by radiation, including determination of the absolute radiant 
heat received by the fuel, the travel of ignition through the bed, 
and burning after ignition reaches the grate have been studied. 
The resistance of the fuel beds to the flow of air has been meas- 
ured, and its effects have been analyzed. Records have been 
obtained of the temperatures of experimental fuel beds and 
grates, and the factors that influence these temperatures have 
been determined. The effects of water tempering and of a 
limited number of chemical treatments also have been studied, 
and tests of a coal prepared with varying ash content have given 
data on the effect of ash on initial ignition, on the rate of ignition 
travel through the bed, and on burning rates. Measurements 
have been made of the effect of preheating primary air and of 
using secondary air, and relative smoke densities were determined 
for a wide variation in fuels and test conditions. 

The large number of variables studied cannot be presented 


. ) stad its inception, the Bureau of Mines has made many 
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Ignition Through Fuel Beds on Traveling- 
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adequately in a single paper; consequently, this report will be 
limited generally to the study of ignition travel through a fuel 
bed and to important factors affecting it, and later reports will 
cover other phases of this investigation. 


Types or Beps 


The type of burning in a fuel bed is determined by the relative 
direction of flow of fuel and air, as described by Nicholls. In 
overfeed beds, Fig. 1, the fuel and air travel in opposite direc- 
tions; and, assuming a “‘plane of ignition” where the incoming 
fuel becomes heated to the ignition point, this plane will travel 
through the unignited portion of the bed in the same direction 
as the air. Usually in this type bed, the fuel is fed from the top, 
the air enters at the bottom and travels up through the bed, and 
the plane of ignition moves upward with the air and the products 
of combustion into the green fuel. 


Ignition plane 


1 


Fic. 2. UNRESTRICTED-IGNITION UNDERFEED FUEL 
Bep 


In underfeed beds, Fig. 2, the fuel and air travel in the same 
direction, while the plane of ignition moves in the opposite direc- 
tion. Usually the fuel and air are fed from the bottom and 
move upward while the plane of ignition moves downward, but in 
the downdraft furnace these directions are reversed. 

In a pure cross-feed bed, Fig. 3, the fuel would move across 
the air stream at substantially a right angle, and the plane of 
ignition would move in the opposite direction into the incoming 
green fuel. With the traveling-grate stoker, Fig. 4, however, 
ignition occurs across the top of the incoming fuel, either by 
radiant heat, conduction from hot gases, or by deposition of 
ignited fuel blown from the rear, and the ignition plane travels 
in a direction nearly opposite to that of the air flow. Therefore, 
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Fig. 3) DiaGRAMMATIC CRoss-FEED FueL Bep 


during the length U’, up to the point where the ignition plane 
touches the grate, the burning is essentially underfeed. After 
ignition reaches the grate and following a short change-over 
period, that is, during travel through length O, the burning is 
cross-feed, or overfeed which is similar when the plane of igni- 
tion is not involved. The traveling-grate stoker is quite com- 
monly referred to as a type of overfeed stoker, but fundamentally 
the fuel is igniting and burning essentially underfeed during a 
considerable portion of the length of the bed, since volatile prod- 
ucts evolved at the ignition plane must travel through ignited 
fuel to reach the combustion chamber. 


OTHER INVESTIGATIONS 


Many attempts have been made to determine ignition and 
burning rates in traveling-grate fuel beds, but many difficulties 
ure involved in studying moving beds. One of the most interest- 
ing attempts was made by J. D. Maughan and reported by E. 8S. 
Grumell.® In these tests a removable grid was fed into a travel- 
ing-grate stoker along with a regular fuel bed, and when the grid. 


and fuel had been completely fed into the furnace, the grid was 
quickly removed and the fire quenched. Grumell and Dunningham? 
have studied the burning of English coals on traveling-grate 
stokers in an apparatus much smaller than, but having some 
points of similarity to that used in these tests. 


DESCRIPTION OF APPARATUS 


The apparatus used in this investigation is shown in Fig. 5. 
It was designed with the view of obtaining carefully controlled, 
reproducible test conditions, in which small variations could be 
observed and their causes determined. The furnace proper was 
of welded steel construction with insulating refractory lining. 
The fuel-bed opening was 20 in. sq, and bed depths up to 10 in. 
could be used without blocking the peephole in the front wall of 
the furnace. Two interchangeable covers or hoods were used, 
_and these were supported on corner posts resting on hydraulic 
jacks. One hood had six (subsequently changed to eight) 
“Glo-bar” resistor elements mounted under a carborundum 
backing plate. These Glo-bars could be heated electrically to 
2800 F and the applied voltage could be controlled very closely 
by means of variable transformers, giving smooth variation of 
power input from 0 to 70 kw. During the heating-up period 
before the start of a test, this hood rested on a support at the side 
of the furnace, and the Glo-bars and heating surfaces were 
exposed to a water-cooled “cold box” of substantially the same 
dimensions as the furnace with fuel bed laid, the purpose being 
to duplicate the cold furnace and fuel bed from the standpoint 


‘The Evaluation of Fuel from the Consumers’ Viewpoint; 
Appendix, the Mechanism of Burning Coalona Chain-Grate Stoker,” 
by E. S. Grumell, Journal of the Institute of Fuel, vol. 5, no. 24, 
August, 1932, pp. 366-370. 

7 “Combustion of Fuel on a Traveling Grate,’’ by E. 8. Grumell 
and A.C. Dunningham, Journal of the Institute of Fuel, vol. 12, no. 62, 
December, 1938, pp. 87-95. 
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Fig. 4 DiaGrRamMMatic REPRESENTATION OF FUEL Bev on A TRAV EL- 
ING-GRATE STOKER 


of heat absorption. Thus no change in temperature conditions 
in the hood occurred during the start of the test when the pre- 
viously heated hood was moved into position over the furnace. 

The other hood was refractory-lined steel, and it rested on a 
small gas-fired furnace at the side of the test furnace, where it 
was preheated before the start of the tests. When the top of 
the fuel bed was thoroughly ignited by the Glo-bar igniting hood, 
both hoods were raised, the ignition hood was returned to its 
original position, and the refractory hood was transferred to the 
test furnace for the remainder of the test. This saved the Glo- 
bars from excessive heat and contamination by ash and smoke 
during the latter part of the tests. 

In most tests only primary or undergrate air was used, and 
this was supplied by a fan capable of delivering up to 1000 |b of 
air per hr per sq ft of furnace area, at a static pressure of 3.7 in. 
of water. Close control of the quantity of air used was provided 
by a regulating valve, operated by a mechanism actuated by 
the pressure differential across a measuring orifice in the air line. 
By this means it was possible automatically to maintain a fixed 
air rate throughout a test. 

A tubular heat exchanger in the air line between the orifice 
and the furnace permitted use of preheated air in some of the 
tests. Heat was supplied by a gas burner in a refractory com- 
bustion chamber beside the heat exchanger. A mixer and air 
distributor in the ash pit insured even distribution of the pre- 
heated air at the grate. 

The furnace had a side-outlet stack which was used when the 
Glo-bar hood was over the furnace, but it was capped off when 
the refractory hood was in use, as this hood had a center stack. 
Both stacks had nipples for insertion of the Bureau’s standard 
water-cooled gas samplers, modified to take samples across the 
stack rather than only at one position near the center. Gis 
samples were collected over mercury and analyzed in a water 
Orsat. A photoelectric smoke meter was installed on the side- 
outlet stack. When this was in use, the center stack of the re- 
fractory cap was closed, and only the side stack was used. 

Initial ignition of the top of the fuel bed, the travel of ignition 
through the bed, and bed temperatures were determined by 
thermocouples inserted at vertically spaced intervals in the bed 
and connected, in order, to recording potentiometers, Observa- 
tions of initial ignition of the bed top and of bed conditions during 
the test were made through a peephole in the front wall of the 
furnace. 

In this furnace, the grate and bed were stationary. The trans- 
fer of the hot igniting hood over the fuel bed was comparable to 
emergence of the green fuel on a traveling-grate stoker into the 
furnace. Clocks were started at the time of this transfer, ans 
the condition of the bed at any given elapsed time thereafter 
was comparable to the condition of a thin slice across a traveling 
bed at similar elapsed time after it entered the furnace. It wa* 
thus possible to follow the progress of ignition through the bed 
and to determine bed temperatures by means of the thermo 
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TABLE 1 


Source 
Classification by rank 

High-temp coke — coke) 
High-temp coke (breeze) 
Anthracite (pea and rice sizes)........ 
Anthracite, No. 4 buckwheat... . 
— variable-ash: 


Penna., 
Penna. 


High-volatile A bituminous 
High-volatile C bituminous... 
Subbituminous B............ 
Lignite 


Ill., Franklin, No. 2, Ill. No. 6 
Colo., Weld, Washington, Laramie 
¥. Dak., Mercer, Knife River 


couples, to note bed height by a depth gage extending through the 
refractory hood, and to determine the rate of burning from gas 
samples and the recorded rate of air supply. 
Fuets Testep 

The fuels used in this investigation varied from high-tempera- 
ture coke and anthracite to lignite and were chosen to represent 
reasonable differences in rank, rather than from consideration of 
their commercial usefulness on traveling-grate stokers. Actually 
all of thefuels tested are burned on this type of equipment, 
although strongly coking coals usually are considered less suita- 
ble. The analysis and source of each fuel tested are shown 


in Table 1, 
Errecr or Facrors, THAN Rank, ON Rate or [GNrrion 


As was shown in Fig. 4, the direction of ignition travel through 


State, County, Mine, Bed 


Penna., Schuylkill (Locust Summit Breaker) 
Penna., Schuylkill (Locust Summit Breaker) 


Penna., Schuylkill (St. Nicholas Breaker) 
Penna., Schuylkill (St. Nicholas Breaker) 
Penna., Schuylkill (St. Nicholas Breaker) 
Penna., Schuylkill (St. Nicholas Breaker) 
Penna., Schuylkill (St. Nicholas Breaker) 
Penna., Allegheny Montour No. 10 Pittsburgh 


‘by such factors as speed of “‘initial ignition,’ 


g 


FUELS TESTED 


Heat value 

Btu per Ib, 

as received 
12280 
12400 
13290 
13140 
13040 


Proximate analysis as received, per cent 
Volatile Fix 
matter carbon 


Moisture 


Wheto toe 
Oe 


14000 
13010 
11980 
10680 
14090 
12630 

9900 

7140 


wo 


Capt 


the bed in traveling-grate stokers is substantially opposite to 
that of the air and the products of combustion, resulting in 
essentially unrestricted underfeed ignition. As noted in a pre- 
vious bulletin,® ignition and burning rates in beds of this type 
reach & maximum at some optimum air rate, with most fuels, 
after which ignition and burning rates decrease with increased 
supply of air. Consequently, above a certain point it is im- 
possible to increase the rate of ignition and of burning by increas- 
ing the air rate. This same limitation applies to the underfeed- 
ignition portion of traveling-grate fuel beds and imposes operat- 
ing limitations during the time ignition is traveling through the 
bed. This will be illustrated by the ignition curves of the various 
fuels tested, which follow later. 

Ignition ratesin fuel beds of traveling-grate stokers are affected 
’ or ignition of the 
top layer of fuel, moisture on the fuel, size consist of the fuel, 
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temperature of primary air, and ash content of the fuel, as well 
as by change of rank of fuel. These will be discussed in the order 
given. 

Slow Initial Ignition. There are two phases in what may be 
called “igniting the bed.” The first is initial ignition or the 
establishment of burning of the top layer of fuel, obtained either 
by radiant heat, or convection from hot gases, or from preignited 
fuel blown forward onto the entering green fuel. When ignition 
has been firmly established in the top layer and the reaction there 
has become exothermic, the second phase, “ignition through the 
bed,” begins. Each phase involves problems affecting traveling- 
grate-stoker operation, and it has been found that these phases 
are to some extent interdependent. 

Slow initial ignition was found to have a definite retarding 
effect on the rate of ignition travel. It was expected that slow 
ignition of the top layer of fuel would have only a very temporary 
effect and that with a fixed air rate a definite rate of ignition 
travel would be established quickly, regardless of the speed of 
initial ignition. This has not proved to be the case, however, 
with thin beds as used on traveling-grate stokers. The delaying 
effect of slow initial ignition on rate of ignition travel was pro- 
nounced in the top third or more of the bed and usually persisted 
to some degree throughout the bed. In most cases when it 
took 3 min or longer to establish an exothermic combustion 
reaction in the top layer of fuel, the rate of travel of ignition into 
the bed was much lower than in similar tests with rapid initial 
ignition, especially in the top third or half of the bed. In tests 
with slow initial ignition, the rate of ignition usually did increase 
as the plane of ignition traveled through the bed, and it appears 
probable that if the beds had been sufficiently deep, the delaying 
effect of slow initial ignition would ultimately have disappeared. 
However, in the thin fuel beds used on this type stoker, slow 
initial ignition has a definite retarding effect on the average rate 
of ignition travel. 

In the figures that follow, showing the travel of the plane of 
ignition, low ignition-rate points from tests with slow initial ig- 
nition are indicated by the subscript S. Even! greater local 
variations in rate of ignition travel than are indicated by these 
S points may be expected when initial ignition conditions are 
allowed to vary widely, since many of the ignition rates so shown 
were taken from the bottom two thirds of the bed, where the 
retarding effects of slow initial ignition are less pronounced than 
in the upper third of the bed. 

Moisture. The effect of moisture on fuel on the rate of travel 
of the plane of ignition was determined in the tests with coke 
breeze, but with a single exception, one or more tests with each 
of the other fuels confirmed these data. 

A typical coke breeze, designated “Breeze A,” was made up 
from closely screened sizes of high-temperature coke by mixing 

thoroughly 4 per cent by weight of */, in. X 1/2 in., 20 per cent 
X 1/4 in., 24 per cent of !/,in. X '/sin., 18 per cent of 
1/sin. X 1/\ in., and 34 per cent of !/,,in. X 0. Without water 
tempering, this breeze is extremely unstable on the grate even at 
very low air rates. With varying percentages of added moisture, 
however, air rates up to 350 psf* and hr were successfully used, 
as shown in Fig. 6 (A and B). 

About 10 to 12 per cent moisture is indicated as optimum for 
a breeze of this size consist. While faster rates of ignition travel 
are obtainable for given air rates when the moisture content is 
lower, as shown by the dotted 8 per cent moisture curve, this 
drier breeze makes much less stable beds. The resultant in- 
stability is liable to lead to maldistribution of air, with conse- 
quent rapid ignition travel in some areas and slow in others, as 


* This abbreviation follows the terminology used in American 
Standard Abbreviations for Scientific and Engineering Terms and 
means pounds per square foot. 
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indicated by the low point at the.150-lb air rate for the 8 per cent 
moisture test, in which considerable bed instability was noted. 
Increase of moisture content to 16 per cent resulted in de- 
creasing rates of ignition travel for given air rates, indicating 
that optimum conditions prevailed when the moisture content 
was the least that could be used and still maintain reasonable bed 
stability. To confirm this, tests were run with beds laid with 
breeze containing 16 per cent moisture and then predried before 
the start of the test. The delaying effect of added moisture is 
indicated by the difference between the curve for the predried 
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beds and that for the breeze with 16 per cent moisture; ignition 
through the bed is much slower with the moist breeze. Pre- 
liminary trials indicated that the moisture content of the pre- 
dried beds would be about 1 per cent. 
Size of Fuel. With fuels larger than approximately ‘/: in. 
avg diam, an increase of ignition rate with decrease of size had 
been observed. Data from the tests with coke breeze indicated 
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that this trend might not continue into the very small sizes; 
therefore, tests were made with coke and anthracite to determine 
ignition rates for the smtaller sizes. The data are shown in Fig. 7. 
Maximum rates of ignition travel were obtained with coke of 
1/,in. avg diam, and with anthracite of #/;, in. avg diam, with a 
slight variation indicated for variation of air rate. Some of the 
decrease in ignition rate for sizes below the optimum must be 
ascribed to the effects of increased tempering moisture needed 
to give bed stability, but since such tempering is necessary, it is 
the over-all effect that is significant. The sharp drop in ignition 


rate below the optimum size indicates possibilities of operating 
difficulties due to slow rates of ignition with small sizes of coke 
and anthracite, effects that are entirely independent of the 
physical difficulties of maintaining relatively uniform and stable 
beds. 
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Fic. 8 Errect or Primary-Arr RATE AND PREHEAT ON RATE OF 
IGNITION oF St. NicHoLtas BARLEY ANTHRACITE 


This decrease of ignition rate with decrease of size below an 
optimum value was noted with high-temperature coke, the 
higher-rank coals, and lignite but was not found with high-volatile 
C bituminous coal nor with the subbituminous B coal. 

Preheated Primary Air. Preheated primary air was used with 
beds of St. Nicholas barley anthracite and gave materially 
increased rates of ignition, the increase being almost linearly 
proportional to the amount of preheat used. In the first tests, 
both air and fuel were heated to the desired temperature before 
initial ignition to eliminate effects of variable heating of the fuel 
as the test proceeded. Fig. 8 illustrates the effects of preheat in 
increasing ignition rates under these test conditions. Although 
there was substantial increase of the rate of ignition at the 50-lb 
air rate, there was a much greater increase proportionately at 
the 200-Ib air rate, and at still higher air rates extremely rapid 
ignition was obtained by mechanical mixing of ignited and 
unignited fuel in “boiling’’ beds. The proportional increase of 
ignition rate over the rate with air and fuel at approximately 
80 F is shown in Fig. 9. With the 50-lb air rate, and fuel and 
air preheated to 240 F, an increase of only 11 per cent in ignition 
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rate is obtained; whereas with the 200-lb air rate, the increase 
in ignition rate over that obtained at 80 F was 35 per cent. 
Increase in rate of ignition with preheated primary air was 
therefore much more pronounced at high than at low air rates. 
In subsequent tests simulating actual traveling-grate-stoker 
operation, where cold fuel is fed into the preheated air stream, 
the tests were started with a cold bed. In these tests with beds 
4 in. thick, the ignition plane traveled downward through the 
top 2 in. of fuel at an average rate only slightly greater than that 
obtained without preheat; whereas in the bottom 2 in. the 
ignition rate approached that obtained when both coal and air 
were at preheat temperature. The fundamental curves obtained 
with air and coal at room temperature, and with both at preheat 
temperature give therefore the minimum and maximum 
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limits, respectively, of the varying rate of ignition travel through 
fuel beds on traveling-grate stokers supplied with preheated air. 

Variable Ash Content. Variation of ash content has a pro- 
nounced effect upon the rate of ignition of anthracite, as shown 
in Fig. 10. A special batch of St. Nicholas rice anthracite was 
separated by the float-and-sink process into fractions containing 
4.6, 10.0, 17.0, 25.0, and 82.2 per cent ash, as shown on the mois- 
ture-free basis, Table 2. 


TABLE 2 CHARACTERISTICS OF BATCH OF ST. NICHOLAS 
RICE ANTHRACITE 


Fraction designation B D 


Ash, moisture-free basis < 10.0 y 
Moisture- and ash-free: 
Volatile matter 5 


5 
6 
Fixed carbon 94. 


93. 

The four fractions A, B, C, and D, Table 2, were tested first. 
giving the four upper curves in Fig. 10. The results were suffi- 
ciently interesting to justify preparation of higher-ash batches by 
appropriate mixtures of D and E fractions to give blends con- 
taining 40, 55, and 70 per cent ash. 

Three definite effects of increase in the ash content of anthracite 
were found. The first was a decrease in ignition rate at all 
air rates. The second was a decrease in the range of air rates 
giving high ignition rates. The third was a decrease in the 
optimum air rate giving maximum ignition rate. For example, 
at an air rate of 200 psf and hr, the anthracite containing 25 
per cent ash ignited at only 43.8 psf and hr of combustible, com- 
pared to 61.8 lb for the lowest-ash coal, a ratio of approximately 
0.7:1.0. With the low-ash coal, however, at 200 lb, the ignition 
curve was still rising rapidly, and increase of air rate up to 325 
lb gave increasing ignition rates, whereas for the 25 per cent ash 
coal the 200-Ib air rate was the optimum. 

The limitations of air rate with increase of ash content have 
even greater significance. An ignition rate of 40 psf and hr or 
more of combustible can be obtained with the 25 per cent ash 
coal only with air rates between about 125 and 290 psf and hr, 
but with the 17 per cent ash coal, a range of about 100 to 425 Ib 
can be used, and with the 4.6 per cent ash coal, a range of 60 to 
600 lb can be used. Low ash content is therefore a definite aid 
to stoker operation, in so far as rapid bed ignition and ability to 
use a wide range of air rates are concerned. 

However, other factors affect stoker operation, and, to avoid 
a misleading picture, it is necessary to analyze not only the 
ignition data but the burning data for these tests of anthracite 
with variable ash content. A series of curves was drawn showing 
burning rates throughout the tests for various air rates, similar 
to those shown in Fig. 11 for the 200-lb air rates. These curves 
were corrected for slight differences in initial ignition conditions 
and were not extended beyond a 5-lb burning rate; then the areas 
under the curves were measured by a planimeter. The burning 
was underfeed before ignition had reached the grate (as indicated 
by the vertical lines on the curves between 22 and 26 min elapsed 
time), and was overfeed after ignition to the grate. Beds 4 in. 
thick were used in all tests. 

Average burning rates were calculated from the areas of the 
curves and are shown in Fig. 12, as a function of primary-air 
rate. Up toa350-lb primary-air rate, there was relatively little 
difference in over-all average burning rate between the 4.6, 10, 
and 17 per cent ash coals. For ash contents exceeding 17 per 
cent, a sharp drop in average burning rate with increase of ash 
was indicated, especially at the higher air rates. 

Although the lower-ash coals had much higher rates of ignition 
travel than those with higher ash content, rates of burning were 
not substantially affected by variation of ash up to 17 per cent. 
As shown in Fig. 11, the lowest-ash coal developed a higher rate 
of underfeed burning than the others and started to develop a 
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higher overfeed-burning rate, but as the coal burned down and 
the pieces became smaller and the bed thinner, with little ash to 
impart stability and depth, blowholes and maldistribution of 
air developed and adversely affected the burning rates. The 
same conditions, but to a lesser degree, prevailed with the 10 
per cent ash coal. As a result, the over-all average burning 
rates were very close for the three lowest«ash coals up to primary- 
air rates of 350 lb, despite rather distinct differences in ignition 
rate, as shown in Fig. 12. There was a substantial decrease 1" 
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both ignition and burning rates with increase of ash above 
17 per cent. 
Errect OF RANK OF FuEL ON Rate or IGNITION 

High-Temperature Coke. Wigh-temperature coke was used in 
the early tests as the most convenient fuel for investigating 
principles of burning, since it is free-burning and smokeless, 
and the gas analyses are relatively simple. Fig. 13 (A) shows 
rate of ignition travel, in inches per hour, in beds of high-tempera- 
ture coke, and Fig. 13 (B) shows rate of ignition in pounds of 
combustible per square foot and hour. Beds 6 in. thick were 
used in the tests plotted. 

There is a fairly regular increase of ignition rate with decrease 
of size down to !/2 in. X 1/4 in., but relatively less change below 
this. In addition, there is an increase in the optimum air rate 
for maximum ignition rate as the size decreases. This means 
that not only will decrease of average size of piece, within certain 
limits, give faster rates of ignition for a given air rate, but also 
that higher air rates can be used to increase rate of ignition travel. 

Increasing the air rate above that which gives the maximum 
rate of ignition causes a rapid decrease of ignition rate with 
high-temperature coke, as may be noted from the curves for the 
l-in. X */,in. size. Increasing the air rate by only about 120 
psf and hr above the optimum amount results in stopping ignition 
of the fuel completely. If part of the bed ignites because of a 
temporarily low air rate, increasing the air rate to 350 Ib will 
stop further ignition because the fuel will not burn at a rate 
high enough to ignite more fuel. 

In tests where initial ignition was rapid, that is, occurring in 
less than 3 min, ignition traveled through the bed at a constant 
rate. With slow initial ignition, however, the rate varied from 
relatively very slow to approaching that obtained with rapid 
initial ignition. 

Coke Breeze. Curves of ignition rates for a typical coke 
breeze, Breeze A, were given in Fig. 6. Two observations re- 
garding the use of this coke breeze should be noted as follows: 

1 It was not found possible to go to air rates high enough 
to reach or exceed the maximum rate of ignition travel,.as higher 


air rates than those used blew the bed off the grates. In prac- 
tical operation therefore with breezes of size consist similar to 
Breeze A, the maximum rate of ignition will be fixed by the 
highest air rate that does not cause excessive loss of fines or 
maldistribution of air. It would be expected that with a breeze 
having a smaller proportion of fines and with which air rates 
exceeding 400 psf and hr could be used, a peak of ignition travel 
would be reached beyond which increase of air rate would give 
decrease of ignition travel, as with the closely sized coke. 

2 More uniform bed conditions prevailed at high than at 
moderate air rates. While there was more vigorous and wide- 
spread “boiling” of ignited fuel pieces across the top of the bed 
at high air rates than at lower rates, this action was more uni- 
formly distributed at the higher air rates, and there was le-< 
tendency to form blowholes that would destroy uniformity of air 


distribution. 
TABLE 3 SIZE CONSIST AND BULK DENSITY OF COKE BREEZE 
——Per cent by weight, dry coke— 
Breeze B Breeze A Breeze C 
2.0 
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12 
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The effect of change in size consist on rate of ignition travel is 
shown in Fig. 14. The size consist of the fuels is given in Table 3, 
arranged according to percentage of 1/,,-in. to O fines. As the 
percentage of fines was increased, the bulk density increased, and 
the rate of ignition travel, in inches per hour, decreased. On 
the basis of combustible ignited per square foot and hour, how- 
ever, there was remarkably little change in the rate of ignition 
travel with change of size consist, indicating that the igni- 
tion data for the tests with Breeze A could be used with reasonable 
accuracy for other breezes having a wide range of size consist. 

This does not mean that all coke breezes can be ignited and 
burned with equal operating ease, however, as the physical 
difficulties of maintaining uniform bed conditions and air dis- 
tribution increased with the percentage of fines in the fuel. 

Anthracite. Ignition data for a rice (5/i.-in. X #/js-in.) and a 
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substandard pea (1/j-in. X 1/2-in.) anthracite are shown in 
Fig. 15. Travel of ignition, in inches per hour, is much slower 
than for the nearest comparable coke sizes, but on the basis of 
pounds of combustible ignited per square foot and hour, they 
are quite similar. Due to the large difference in bulk density, 
about the same amount of combustible can be ignited and burned 
in a 4-in. bed of anthracite as in a 6-in. bed of coke of comparable 
size, and the time for ignition to reach the grate will be approxi- 
mately the same in either case. 

The optimum air rate to secure the maximum rate of ignition 
travel was about the same for anthracite as for coke, namely, 
350 to 400 psf and hr, but the anthracite showed a more gradual 
transition from increasing to decreasing rate of ignition, indicating 
a broader range of air rates for high rates of ignition. 
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Results of tests with barley and No. 4 buckwheat anthracite 
are shown in Fig. 16. Analyses indicate that these coals were 
similar in volatile matter and fixed-carbon content to those 
used for the pea and rice tests described, but the ignition rates 
for the barley coal are lower than for the rice, and those for the 
No. 4 buckwheat are lower still. This is a further illustration of 
the decrease in rate of ignition travel with decrease in size below 
the optimum of approximately '/, in. avg diam, as mentioned 
previously. 

The curves for the barley anthracite emphasize the observation 
made in connection with coke breeze, that more difficulty is often 
met in maintaining uniform air distribution and bed conditions 
with small fuels at moderate than at high air rates. Up to the 
100-lb air rate, the bed was entirely stable; at the 150- and 
250-lb air rates, there was irregular blowing and “boiling” of 
the coal at scattered areas in the bed, with resulting maldistri- 
bution of air. At the 350-lb air rate, however, while there was 
“boiling’’ (so-called because the bed top resembled a vigorously 
boiling fluid), this boiling was evenly distributed across the bed, 
which burned down very evenly. The broken curve for the 
barley anthracite indicates the ignition rates that normally would 
be expected with this fuel, but the solid line shows rates that are 
much more liable to be found with uneven bed conditions. 

Nominal water tempering aids in maintaining stable fuel beds 
with No. 4 buckwheat anthracite as with other small-sized fuels. 

High-Volatile A Bituminous Coal. Five close sizes and two 
mixtures or ‘‘slack’’ sizes of high-volatile A bituminous coal from 
the Pittsburgh bed were used as given in Table 4. Ignition rates 
for this fuel are shown in Fig. 17. The curves are characterized 
by high ignition rates over a much wider range of air rates than 
was found possible with the anthracites and cokes. - 


TABLE 4 SIZES OF HIGH-VOLATILE A BITUMINOUS COAL 
TESTED 


—Percentage composition— 


Size, in. Mix A Mix B 
20 10 
20 15 
30 20 
20 25 
3/a2-0 10 30 


Definite evidence of a decrease in ignition rate with increase 
of air rate for the sized coals was obtained only after increasing 
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the air rate to more than 750 psf and hr, indicating the possibility 32 x I 7 80 
of using very high air rates to secure high ignition and burning | P x0» f- | 
rates with this coal. The mixed sizes, particularly mix B with 
30 per cent fines, lacked bed stability at high air rates; and 0 mia ly 
variable rates of ignition were obtained, as indicated by the high Mix 8, 14-0 
point for mix B at the 400-lb air rate. With this exception, the 28 ‘60 
two slack mixtures had substantially identical ignition rates. r.7 

Slow initial ignition resulted in slow travel of ignition through ! 
the bed, as previously noted. This is indicated by the relatively 
low positions of the curves for the 1'/2-in. X in. and the 4/s-in. 
X sizes, and by the lower curve for mix A. 40 


After ignition had proceeded 2 to 3 in. into the bed at air rates 
of 200 lb and lower, swelling and caking so interfered with air 
distribution that the rate of ignition in the bottom portion of the 
bed was extremely low at the bed center where the thermocouples 
were located; ignition rates shown for these tests therefore 
were taken from the upper portions of the bed. When burning 
highly caking coals, such as that from the Pittsburgh bed, more 
uniform fuel-bed conditions would be expected at moderate or 
low air rates with thin beds, 2 to 3 in. deep, and high stoker 
speeds, than with deeper beds and slower stoker speeds. 

A bed of dry 3/,s-in. X #/s2-in. coal ignited more slowly than 
the damp coal containing 12 per cent moisture, although initial 
ignition was reasonably rapid; however, caking of the bed, 
possibly more rapid with the dry than with the damp coal, may 
have been responsible. This is the only instance in this investiga- 
tion where a dry coal ignited more slowly than when damp. 

Two tests with the fine size, */s-in. X 0, gave ignition 
rates substantially less than those for the next larger size, con- 
firming the previously described decrease in ignition rate for fuel 
below some optimum size, which for this coal appears to be about 
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A typical log of a test with */s-in. X #/j-in. coal from the 
Pittsburgh bed is shown in Fig. 18. At the 400-lb air rate used 
in this test, initial ignition was slow. 

High-Volatile C Bituminous Coal. Rates of ignition in 6-in. 
beds of a high-volatile C bituminous coal from the Illinois No. 6 


avg diam. 


bed are shown in Fig. 19. The same sizes and size consists were 
used as with the high-volatile A bituminous coal. A 


10-—Jenition through bed. 9 much smaller variation of ignition rate with size was 
Approximate maximum 4 found with this coal than with the higher-rank coals 
relative smoke density and coke. Ignition rates for the two largest sizes of 
Bed height by gage Illinois coal were even found to be higher than those 
Sy bod 41.2 coal, in inches per hour, but in pounds of combustible per 
Burning (based oncOcuney| square foot and hour, the rates were lower since the aver- 
SN coke a age combustible in Illinois coal was only 75.3 per cent, 
“Unignited “92 74 compared to 82.8 per cent for the Pittsburgh coal. Con- 
da nition rates of all sizes of the Illinois coal were rela- 

OSS As would be expected with a less strongly caking coal, 
“al” ® there was less difficulty with caking and poor air distribu- 
20 MGlo-bar hood over Burning hood over tion with the Illinois coal than with the Pittsburgh coal 
Composition co Z at the lower air rates, while air rates of 400 Ib and higher 

16} of stack gases os till P- 7 gave ignition and burning with relatively little caking. 
= 12+ : 4 With this coal it was possible to burn the preignited 
= ot \ ; J bed at a higher rate than the remainder of the green 
fuel was igniting; this is the first fuel tested in which 
‘ \ V 7] the burning rate exceeded the rate of ignition, even for 
+ + short periods. Due to heat-output limitations of the 
in igniting hood, it was necessary to secure initial ignition 
3 Burning rates at moderate air rates in all tests, then to raise the air 
e2“7 P 4 rate after the hoods had been shifted, thus simulating 
$F 2 “ a zoned stoker. At the time of starting the high air 
S20 Underfeed = Overfeed a rate therefore there was approximately 1 in. of preig- 
38,0 buming burning nited fuel at the top of the bed. With the Illinois and 
-" = lower-rank coals, the high air rate burned this preignited 
“ = layer at a faster rate than the fuel beneath was igniting, 
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thereby rapidly diminishing the thickness of the burn- 
ing layer. As this layer burned thin, an increase was 
noted in the ignition rate, giving a curve of rate of 
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travel of ignition having two distinct slopes. The reasons 
for this appear to be as follows. 

Thermocouple records, gas analyses, and instantaneous 
CO: indications by meter definitely have indicated a thin 
zone of high-temperature burning immediately above the 
ignition plane. In this primary ‘oxidation zone the oxy- 
gen is almost, if not entirely, converted to carbon di- 
oxide. Above this relatively thin, high-temperature, high 
CO, zone, CO begins to appear as the percentage of CO: 
and the temperature of the fuel bed drops, that is, when cer- 
tain temperatures and burning depth or time of contact are 
established in the primary oxidation zone, reduction of CO, 
to CO by reaction with the hot carbon of the fuel at the 
upper edge of the zone lowers the fuel temperature there to 
some relatively stable narrow range which prevails in the 
remainder of the bed above the hot zone. When relative 
equilibrium has been established between this hot zone and 
the cooler reducing zone above it, ignition into the green 
fuel will be a function of the temperature of the hot zone. 

If the reactivity of the fuel is such that the cooler reduction 
zone is burned off, leaving a layer of ash rather than hot carbon 
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above the primary oxidation zone, CO of course will not be 
formed, the temperature of the hot zone will not be restricted by 
the reduction reaction, and the hot zone and ash above it will 
increase in temperature if furnace temperatures are high enough 
to prevent excessive radiation from the ash layer. Then the 
rate of ignition, being a function of the temperature of the 
primary oxidation zone, will increase, giving ignition curves 
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with two slopes. While this effect was first noted in a few tests 
with the Illinois coal, it beeame very pronounced with lower- 
rank coals. 

The log of a test using */,-in. X 4/s-in. Lllinois coal with initia! 
ignition at a 200-lb air rate and ignition through the lower two 
thirds of the bed with a 600-lb air rate is shown in Fig. 20. It 
should be noted that, as che depth of burning bed decreased, 
CO, increased, ,CO decreased, and the ignition rate increased 
slightly. 

Subbituminous B Coal. Ignition rates for 6-in beds of 
Colorado subbituminous B coal are shown in Fig. 21. Effect of 
decrease in rank and in percentage of combustible are evident, 
as practically all the rates of ignition are below 20 in. per hr and 
40 psf and hr of combustible ignited. 

The curves shown are applicable only for 6-in-thick beds, 
however, as the rate of ignition varies during travel through the 
bed except at very low air rates. This fuel, being more reactive 
than higher-rank fuels, burns to a very thin bed at moderate «+ 
well as at high air rates, as previously described, after which the 
rate of ignition depends largely upon temperature of the surtaces 
to which the fuel bed loses heat. If such surfaces are hot, and 
radiation from the bed top therefore is not excessive, the rate of 
ignition will increase when the bed burns thin, giving an ignition 
curve with two slopes, in which ignition in the lower portion o! « 
6-in. bed will be at a more rapid rate than in the top. Under these 
conditions, the most rapid average rate of ignition will be obtained 
with deep beds, and, since the burning layer is very thin, there 
will be little fuel to be burned after ignition reaches the grate. 
It appears, therefore, that most satisfactory operation with low- 
rank fuels should be obtained in refractory-lined furnaces wit! 
deep beds and with stoker speeds slowed to give ignition to the 
grate just ahead of the rear bridge wall. Best results with low- 
rank fuels would be expected in a refractory-lined furnace with @ 
long, low, refractory rear arch. 

A comparison of the strikingly different conditions of ignition 
and burning in beds of */s-in. X high-volatile bitumi- 
nous coal and of subbituminous B coal is given in Fig. 22, whic! 
shows ignition and maximum underfeed burning rates for the-e 
fuels. Up to an air rate of 600 Ib, ignition rate exceeds burmng 
rate for the high-volatile coal, and therefore the depth of burning 
fuel would tend to increase as ignition proceeded through the bed. 
With the subbituminous coal, however, equilibrium burning, that 
is, ignition and burning at the same rate, is reached at an «! 
rate of 250 lb; therefore, at air rates in excess of this, burning 
can proceed at a higher rate than ignition only if preignited fuel !> 
available. This accounts for the thin Jayers of burning fue! 1" 
beds of this coal when using moderate to high air rates. 
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The higher reactivity of the subbituminous coal, as compared 
to the high-volatile A bituminous coal, is indicated by the higher 
burning rates of this coal at air rates below 250 lb, that is, in the 
range where the burning rate is not affected by ignition rate. 

Lignite. Raw lignite, the lowest-rank fuel used in this investi- 
gation and containing only 43.4 per cent combustible, gave 
ignition rates under 20 in. per hr and 30 psf and hr of combustible 
ignited, as shown in Fig. 23. Under the test conditions, no gain 
is indicated for the use of air rates in excess of 250 psf and hr for 
the raw lignite, although no sharp drop in the rate of ignition is 
indicated at higher air rates. This fuel is more reactive than the 
subbituminous coal, and there is less difference between ignition 
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and burning rates with the lignite than with the subbituminous 
coal, even at air rates under 200 psf and hr. Since ignition and 
burning proceed at nearly the same rate, even at low air rates, 
an appreciable layer of preignited fuel is not developed at the 
initial air rate, as was the case with the higher-rank fuels. Conse- 
quently, when the air rate is mereased, there is little, if any, 
preignited fuel to burn off at high ‘“overequilibrium” burning 
rates, and the rate of ignition travel therefore is not accelerated 
by such high burning rates and by the hot furnace walls resulting 
from them. Instead of an ignition curve having two distinct 
slopes, therefore, as found with subbituminous coal, the lignite 
gave two general types of ignition curves at moderate to high 
air rates. In one type, enough heat was generated during the 
test to increase the temperature of the furnace walls gradually, 
and the hotter the furnace, the more rapid the ignition rate be- 
came. In the other type, ignition and burning were just barely 
maintained in a thin layer, but the amount of energy available 
was not enough to raise the furnace walls to visible red heat. In 
this type, ignition proceeded at a substantially constant rate. 

The first type of ignition curve indicates that in a continuously 
operating traveling-grate furnace, where refractories can be 
brought up to and maintained at a high temperature, substantially 
higher ignition rates can probably be obtained than were possible 
under the test conditions, where the furnace walls initially were 
relatively cold. 

The steam-dried lignite did not have a much more rapid rate 
of ignition travel, in inches per hour, than did the raw fuel, but 
the ignition rate of the dried lignite in pounds of combustible 
ignited was roughly double that of the raw lignite. Unfortunately, 
only a few tests could be made with the limited quantity of dried 
lignite available. Since, with this highly reactive fuel, burning 
rates are limited by the rate of ignition at moderate to high air 
rates, doubling the ignition rate will permit a proportional in- 
crease in burning rates. 


CONCLUSIONS 


Ignition through fuel beds on traveling-grate stokers is essen- 
tially unrestricted underfeed; therefore, until ignition reaches 
the grate, ignition and burning proceed according to unrestricted . 
At constant air rate, underfeed ignition 
proceeds through the bed at a steady rate unless certain factors 
alter air distribution or bed characteristics. These factors in- 
clude: Development of blowholes, with consequent maldis- 
tribution of air; turbulence or “boiling” of the bed, which may 
give mechanical mixing of ignited and unignited fuel; slow initial 
ignition; drying of moist coal before ignition; heating of coal with 
preheated primary air; and burning of highly reactive fuels in 
very thin burning layers. 

After ignition reaches the grate, burning is overfeed, and 
increase of air rate will give proportional increase of burning rate, 
at least within the range where stable bed conditions prevail. 

Slow initial ignition of the top layer of fuel on traveling-grate 
stokers is followed by relatively slow rates of ignition travel 
through the bed, being slowest at the top, increasing with prog- 
ress of ignition into the bed, and tending to approach, as igni- 
tion nears the grates, the steady, higher ignition rates found with 
rapid initial ignition. 

Moisture is necessary to “temper” small-size fuels and, by 
agglomerating the fines, increase bed stability, but such moisture 
tends to retard the rate of ignition. The amount of ‘‘tempering”’ 
moisture added should therefore be held to the minimum neces- 
sary to obtain adequate bed stability. 

There is an optimum size of particle which will give maximum 
rate of underfeed ignition with the higher-rank fuels. As shown 
in this investigation, the average round-hole screen size for this 
optimum ranges between !/s in. and 5/1, in. diam. 
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Rate of underfeed ignition is increased by preheating the 
primary air approximately in proportion to the rise in tem- 
perature of the fuel. Such increase is proportionately greater 
at high than at low air rates. With preheated air, extremely 
high ignition rates are possible at air rates high enough to give 
physical mixing of ignited and unignited fuel, once a layer of 
fuel has been ignited. 

Coal of low ash content has higher rates of ignition travel 
than similar coal of high ash content, and high ignition rates 
may be obtained with a much wider range of air rates with the 
low-ash coal. Burning rates, however, are not materially 
affected by moderate variation of ash content, and there is some 
indication that a nominal amount of ash tends to increase bed 
stability after ignition reaches the grates. Consequently, average 
burning rates do not vary widely for the usual variation of ash 
content at normal air rates. 

High underfeed rates of ignition may be obtained with high- 
temperature coke, but only over a relatively narrow range of air 
rates. Ignition rates drop very rapidly with increase of air rate 
over the optimum. 

Ignition rates as high as those with high-temperature coke 
may be obtained with anthracite, and the range of air rate giving 
high ignition rates is broader. 

High-volatile bituminous coals give high ignition rates over a 
very wide range of air rates, but the highly caking types give 
trouble with air distribution at low air rates. 

Subbituminous coals and lignite may be used with a wide 
range of air rates, but ignition rates are substantially lower 
than those of the higher-rank fuels. Because the layer of burning 
fuel tends to become very thin with these fuels, their ignition 
and burning rates are affected by thermal conditions in the 
furnace; therefore, maximum rates would be expected in re- 
fractory-lined furnaces operated with high wall and arch tem- 
peratures. 
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Discussion 


J. H. Kerricx.* The paper is undoubtedly the most valu- 
able contribution to the study of ignition since the splendid work 
of Nicholls® and it is certainly to be hoped that the study may be 
pursued without delay. 


8 Fuel Engineer, Philadelphia & Reading Coal & Iron Co., Phila- 
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The following remarks have reference to that part of the work 
covering anthracite: 

The ignition and burning of anthracite on traveling- or chain- 
grate stokers is perhaps more sensitive to furnace and arch de- 
sign than any other method of burning, and it would appear that 
a complete ignition study would necessarily require considerable 
investigation in the direction of arch and throat design. 

Much of the thinking until recent years considered arch design 
as primarily a provider of radiant heat to the fuel-bed surface. 
Conclusive evidence now supports the belief that arch design 
primarily provides control of the travel of the incandescent 
particles from the rear to the top of the bed of inflowing raw 
fuel and of the lean gases of combustion for proper intermixture 
with the rich volatile gases evolved from the raw fuel during the 
period of temperature rise to the point of ignition. 

It would appear that any influence which might aid initial 
ignition and correspondingly improve the rate of ignition travel 
would improve the bed conditions in the burning area. Study 
is now being made of certain design changes as a means of aiding 
initial ignition with presently indicated favorable results. 

While it is recognized that the temperature at which fuels reach 
their ignition point varies with the ignitibility of the particular 
fuel, it is important that the initial ignition should not be ‘‘pulled 
away” from the front of the furnace by improper control of flow 
of ignited particles toward the front of the furnace. Where this 
condition obtains, there develops a gradual loss of temperature 
in the bed until ignition is lost completely. 

Particularly with reference to anthracite, there is a considera- 
ble variation in ignition characteristics. All of the range of 
ignitibility however is above other coals. It is therefore to be 
hoped that, in the further study indicated in the paper, some 
opportunity will be had to examine the range of anthracite ig- 
nitibility and its effect on initial ignition. 


Henry KREIsincerR.’ The paper describes a study of ignition 
of the fuel on a stationary grate by applying heat by radiation 
from glo-bar elements. The principal factor studied was the 
penetration of the ignition from the surface of the fuel bed toward 
the grate. The apparatus was ingeniously designed so that the 
rate of heating and the rate of penetration of ignition could be 
determined accurately. The authors state that the results ob- 
tained apply to ignition on traveling-grate stokers. 

The question is: To what extent are the results so obtained ap- 
plicable to commercial installations of traveling-grate stokers? 
In practically all the traveling-stoker furnaces of recent design 
the heat for ignition is supplied to the incoming fuel bed by con- 
vection. In most cases the radiation factor is negligible and in 
some cases entirely absent. The arch extends from the rear end 
of the grate about two thirds of the way to the point where the 
fuel enters the furnace. The arch functions as a baffle directing 
the hot gases from the burning fuel toward the front end of the 
grate where the fuel enters the furnace. The incoming fuel is 
heated by the sweeping of the hot gases over the surface of the 
fuel bed and also by particles of burning fuel carried by the hot 
gases and dropped on the incoming fuel. 

The old traveling-grate furnaces had refractory arch over the 
front part of the grate where the fuel comes in. The arch had to 
be heated to a bright-red heat before satisfactory ignition was 
obtained, and there was always the danger of losing the ignition 
when greater load had to be picked up. 

With the rear-arch design the arch does not have to be heated. 
In fact, in some cases it is completely water-cooled, that is, it is 
constructed of bare tubes with continuous metal surface with no 
refractory exposed to the fire. With this design of furnace stable 


® Engineer in Charge of Research and Development, Combustion 
Engineering Company, New York, N. Y. Mem. A.S.M.E. 
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CARMAN, REID—IGNITION THROUGH FUEL BEDS ON TRAVELING-GRATE STOKERS 


ignition is maintained at all loads because the faster the fuel is 
fed to the furnace the more intense is the scrubbing of the hot 
gases over the incoming fuel and also more burning particles of 
fuel are carried by the gases and dropped on the front part of the 
fuel bed. 

The fuels usually burned on the rear-arch traveling-grate fur- 
nace are small sizes of anthracite, which usually have high mois- 
ture content, coke breeze and high-moisture fuels, such as lig- 
nites and subbituminous coal. All these fuels are usually dif- 
ficult to ignite. In the rear-arch furnaces, ignition of these fuels 
is easily obtained. 


Ratpeu A. SHerMan.'”? This paper carries on for the Bureau of 
Mines in the fine tradition of sound work established by Kreis- 
inger, Blizard, and Nicholls. It is a natural corollary to the 
work on underfeed burning. 

One could wish that the work had been available 25 years ago 
when the traveling-grate stoker was widely in favor, but even 
now the information can be of much value to those charged with 
the design and application of these stokers. The optimum rate 
of air supply in the ignition zone and the length of this zone 
can be deduced. The steep slopes of the rate-of-ignition curves 
on either side of the maximum for cokes and anthracite show the 
desirability of zoning of the air. The extremely variable gas 
composition over the length of the grate, as shown by Figs. 18 
and 20, confirm the work of Shoudy and Mumford and the neces- 
sity of a rear arch to mix the oxygen-rich and combustible-rich 
gases. 

Many mysterious effects have been claimed for tempering 
water, and it is interesting to note that the beneficial effect ap- 
pears to be from the agglomeration of the fines. There is the 
suggestion also that the moisture was of some benefit with the 
Pittsburgh bed coal in reducing the rate of coking. Further 
discussion of this by the authors would be desirable. This has 
been suggested by others who have less opportunity to make 
careful measurements than did the authors in their well-designed 
equipment. 

All will look forward to the publication of the Bureau bulletin 
on this piece of research as that will include many data impos- 
sible to include in the limited space of this paper. 


AvuTuors’ CLOSURE 


The authors are grateful to the discussers for their assistance 
in pointing out certain phases of this problem that require further 
explanation. 

The importance of ignition of the incoming fuel on traveling- 
grate stokers by the burning particles blown from the rear to the 
front end of the stoker is stressed by Mr. Kerrick, who points out 
that modern considerations of furnace design have led to long 


flat rear arches to accentuate this effect. In addition, he men- 
tions that the influence of radiation from the front arch in secur- 
ing initial ignition is now considered of minor importance. Mr. 
Kreisinger concurs in this belief and states further that in recent 
designs the heat transferred by convection from the burning gases 
is chiefly responsible for ignition of the incoming fuel. The 
authors are well aware of such effects and pointed out early in 
the paper that ignition occurs either by radiant heat, convection 
from hot gases, or by deposition of ignited fuel blown from the 
rear. 

In making investigations such as the one reported in this 
paper, it is always necessary to control as many variables as 
possible, and to vary those under study in a controllable and 
logical manner, Further, since an attempt is being made to 


* Supervisor, Fuels Division, Battelle Memorial Institute, Colum- 
bus, Ohio. Mem. A.S.M.E. 
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place the burning of fuel on the level of a science rather than an 
art, it is necessary that wherever possible each variable be 
measured with reasonable exactness. In the case of ignition by 
the deposition of previously ignited fuel, the experimental diffi- 
culties involved in controlling and measuring such a factor would 
be enormous; when ignition is considered as occurring by heat 
transferred by convection or conduction from a high temperature 
stream of gases moving over the surface of the green fuel the 
difficulties involved in measuring the amount of heat transferred 
also would be great. However, by utilizing radiant energy, 
relatively simple laws fix the amount of heat transferred per unit 
of time and it is possible not only closely to control this energy 
but also to make fairly accurate measures of the amount received 
by the igniting fuel. Actually, it is energy that results in raising 
the temperature of the fuel to the point where ignition occurs, 
and the source of such energy is unimportant. Thus instead of 
stating that the igniting hood had a temperature of T degrees to 
result in a certain igniting effect, we could say that its equivalent 
of Q Btu per square foot per hour had been transferred to the 
fuel, and as far as the fuel is concerned this heat energy could 
have been received by conduction, by convection, or by radia- 
tion. 

In that part of the study reported here, the amount of heat 
transferred to the fuel is unimportant except in so far as normal 
ignition or slow ignition occurred, since it deals with the travel 
of the plane of ignition through the fuel once ignition at the sur- 
face has begun. However, in other studies to be published later, 
certain variables such as the time for initial ignition are depend- 
ent upon this factor, and the points discussed here are directly 
applicable. Incidentally, it is interesting to note that even in a 
furnace having a water-cooled arch, radiation from the flame it- 
self may be a significant factor in transferring heat to the incom- 
ing fuel, since the column of burning gases passing upward be- 
tween the front and the rear arch may have sufficient thickness 
to radiate with a high emissivity. The position of this column 
of flame usually is such as to be ‘“‘seen’’ by the incoming raw fuel. 

With reference to Mr. Kerrick’s question regarding the igniti- 
bility of various anthracites and its effect on initial ignition, that 
point will be covered in considerable detail in the forthcoming 
Bulletin of the Bureau of Mines reporting on all the phases of 
this investigation. Measurements of reactivity by the CIT 
ignitibility method were made on each of the fuels tested, but the 
correlation with actual ignition characteristics is complex and 
will be reserved for the future. 

The authors agree with Mr. Sherman regarding the desirability 
of having had these data available during the period when the 
traveling-grate stoker was being developed most rapidly. How- 
ever, all the problems involved in the industrial burning of fuels 
by this method have not been solved, and it is hoped that this 
information may result in a better understanding of the actions 
occurring in relatively thin beds. He is correct in that the bene- 
ficial effects of tempering moisture result from the agglomeration 
of the fines, but this subject will be more thoroughly developed in 
the Bulletin already mentioned. 

The suggestion that tempering moisture may have been bene- 
ficial in reducing caking with the Pittsburgh bed coal was offered 
as the most plausible explanation for the fact that, of all the fuels 
tested, only this particular coal gave a lower rate of ignition 
travel when dry than when moistened. Because of the many 
variables involved, only a few tests bearing directly on the effect 
of moisture were possible, and the complicating effects of caking 
with this coal added further difficulties. If time permitted, it 
would be of considerable interest to investigate this phase of 
water tempering, as the results would be of interest to operators 
of many types of furnaces. 
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Prediction of Centrifugal-Pump Performance 


By R. J. S. PIGOTT,! PITTSBURGH, PA. 


The author states that the selection of impeller, diffuser, oI IILGS 
and volute shapes of centrifugal pump designs are largely Ae BE - 
empirical, because the theory, based mostly upon the clas- id 
sical centrifugal theory, has been incorrect or at least in- 
complete. In the prediction of performance of small 
multistage deep-well pumps, some time ago, the author 
found another course of analysis which gave promise of 


excellent results. Essentially, the centrifugal pump does 
not operate as such except at shutoff but does behave as a 
radial-flow turbine. Consequently, the performance can 
be more truly analyzed and the hydraulic losses can be 
treated as if the pump were a pipe with a shock loss at the 
pickup edge of the blades and a recirculation loss. This 
method of prediction is explained and illustrated in the 
course of the paper. 


Prion 


N the long period of centrifugal-pump development the selec- 
tion of impeller, diffuser, and volute shapes has been largely 
empirical. The reason is that the theory of action, based 
mnostly upon classical centrifugal theory, has been incorrect or at 
least incomplete. Professor Sherzer drew attention to this con- 
dition (1),? and pointed out that the generally published theory 
gave a value of shutoff head above what the pump actually EERE RY 


vields, and a straight-line decrease to zero at a value beyond the : : . 
failing text. Fig. 1) Section or Test Pump 
Some years ago the author had occasion to attempt prediction 
of performance of small multistage deep-well pumps and found 
that another course of analysis gave promise of excellent results. 
It was noted that with the exception of the Rees “Roturbo” de- 
sigh, no so-called centrifugal pump operates as such except at 
shutoff but does behave as a radial-flow turbine. As a result 
the performance can be much more truly analyzed and the hy- 
draulic losses can be treated as if the pump were a pipe with a 
shock loss at the pickup edge of the blades and a recirculation 
loss, which is akin toa shoek loss. 


Losses 


Reterring to Figs. | and 2, the skin friction and bend losses are 
similar to those oceurring in a pipe and respond to the same for- 
mulation. We can regard the pipe losses as oceurring independ- 
ent of rotation. Similar calculations made on axial flow in sleeve 
bearings or in rotary pumps checked by tests show that these 
losses are substantially unaffected by rotation. 

The items to be caleulated are as follows: 


| Velocity pressure, inlet. 

2 76-deg bend in eye of impeller. 
(a) Rotation loss, hub up to blades. 
3 Blade passage, friction loss. 

1 76-deg bend at rim to volute. 

5 Rotation loss, at rim. 


‘Chief Engineer, Gulf Research & Development Company. 
Fellow A.S.M.E. 
* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
Contributed by the Hydraulic Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 27-Dee. 1, 1944, of THe 
AMERICAN Society OF MeCHANICAL ENGINEERS. 
Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society, Fic. 2) Voture or Pump Testep 
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440 TRANSACTIONS OF THE A.S.M.E. AUGUST, 1945 
TABLE 1 DETAILS OF PUMP SHOWN IN FIGS. 1 AND 2 
Air-free water 
0 61.9 165.0 247.5 350.0 450.0 550.0 
28.0 89.4 191.4 273.0 374.2 472.4 569.6 
Friction loss: 
0.004 0.06 0.33 0.70 1.34 2.06 3.16 
Pressure loss: 
50 per cent of pickup shock.......... 9.12 7.34 4.82 3.21 1.73 0.82 0.49 
100 Per cent air release in suction reabsorbed in volute 
1.00 1.00 1.00 1.00 0.956 0.892 0.735 
Friction loss: 
0.004 0.06 0.33 0.70 1.40 2.35 4.30 
Pressure loss: 
50 per cent of pickup shock......... 9.12 7.34 4.82 3.21 1.81 0.92 0.67 
9.12 7.40 §.15 3.91 3.21 3.27 4.97 
Velocity pressure, outlet 8............ 0 0.21 1.51 3.39 6.79 11.21 16.75 
Velocity pressure, inlet 1.............. 0 0.08 0.56 1.27 2.53 4.18 6.24 
0 0.13 0.95 2.12 4.26 7.03 10.51 
(a) Rotation loss, between shroud and case. The only way apparent at this time to account for the re- 
(b) Rotation loss, between open side of impeller and case. mainder of the brake-horsepower input to a centrifugal pump at 


6 Volute friction. 
7 Outlet-elbow loss. 
8 Outlet-velocity pressure. 
9 Kinetic head for flow. 
10 Pickup shock. 
11 Static-pressure difference. 
12 Recirculation loss. 
13 Leakage. 
14 Bearing and packing loss. 
15 Blade-edge rotation loss. 
16 Compression of released air. 


The pipe losses up to the rim of the impeller shown in Figs. 1 
and 2 are as follows: 


(a) Inlet-pipe friction from flange to impeller; usually, neg- 
ligible 

(b) Impeller-blade passage, Item 3 

(c) Bend losses, impeller eye, throat turn, Items 2, 4, and 7. 

(d) Pressure drop due to pickup shock, Item 10. 


SHock-Tyre Losses 


There are two principal shoek-type losses. 
The first (Item 10) occurs at the pickup edge 
of the blades in the eye of the impeller and is 
occasioned partly by an incorrect angle of 
blade for any but one flow at each speed and 
partly by the discontinuity imposed by a finite 
number of blades. 

This loss has not been measured directly 
and probably cannot be. We can be assured 
that it is close to the energy loss represented 
by the difference of the squares of the abso- 
lute velocities just before and just after en- 
tering the blade passages. It is certain from 
test data that this energy loss appears partly 
as a pressure depression at lower flows, the 
remainder as a torque in the impeller. It is 
also apparent that it should be highest at 
shutoff, decrease nearly to zero at that 
delivery for which the pickup angle is cor- 
rect, and at higher deliveries increase again. 
It is probable that for flows larger than the 
“optimum” this loss would appear only as a 
torque on the impeller, since there is de- 
celeration on entering the blades instead of « 
acceleration. All this is speculation but we 
find that some reasonable guesses as to the 
fractions lost give good correlation. 


Low Flow 


lower flows than rating, is to assume some recirculation in the 
blade passages. It is assumed that the impeller tends to pump 
the optimum delivery, probably that for the best efficiency. It is 
then assumed that the difference between best flow and actual 
flow recirculates from the rim toward the eye chiefly on the 
underside of the blades, as in Fig. 3. This recirculation is not a 
single closed eddy but returns to the outflow stream in increments 
distributed down part of the length of the blade. Consequently, 
the energy loss will be some fraction of that required if the 
recirculation amount were actually pumped against the full 
head. For the pump used as an example, 15 per cent was em- 
ployed in calculating Item 12. 


Kinetic Heap 


The kinetic head, or ‘‘throwoff” pressure, is simply the vector 
sum of the blade-flow speed and the rim speed. It is obvious 
that the radial components of velocity both at the pickup edge 
and eye are determined by the delivery only and are independent 
of speed of rotation. Referring to Fig. 4, the throwoff velocity is 
determined by 


= Vv, —— Vy COS a)? + vy? Sin? a@......... (1] 


Flow 


Fie. RectrcuLATION CONDITIONS 
(Shaded areas, recirculation; clear areas, delivered flow.) 


Rated Flow 
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PIGOTT—PREDICTION OF CENTRIFUGAL-PUMP PERFORMANCE 


Throwoff pressure is 


Pt = 0.000108p [w, — v, COS a)? + v,? sin 
v, = wdN 


a 


Reducing Equation [1] 


where 
v, = throwoff speed, fps 
v, = rim speed, fps 
v, = blade-flow velocity 
p = density of liquid, lb per cu ft 
Pp, = throwoff pressure, psi 
= rim diameter of impeller, ft 
= rotational speed, rps 
flow, cfs 
= total blade opening area at rim perpendicular to flow 


eOve 


Fig. 5 shows the plot of throwoff pressure versus flow through 
a section of the impeller. This formulation differs from those 
given in most of the textbooks which usually include a sub- 
traction of the energy at the pickup edge of the blade, which 
gives too small a value except at flow for which the blade angle is 
correct. It is obvious that the impeller is the only source for 
adding energy, and the only other energy of the liquid is that of 
the absolute static and kinetic pressure in the inlet of the pump. 
The maximum energy is at the rim of the wheel. Therefore the 
total differential added by the impeller will be the difference be- 
tween that due to the absoiute velocity leaving the rim, less the 
total energy at the inlet pipe. Fig. 5 shows the plot of throwoff 
pressure, the total internal flow losses (except for the volute), 
and the static differential pressure, Item 11. Table 1 gives the 
detail material for the pump shown in Figs. 1 and 2. 


EFFects 


If we now consider that the volute has a friction loss, it be- 
comes evident that the flow through various sections of the 
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Fic. 4 THroworr VELOCITY AND Pickup SHocK 


impeller cannot be uniform but must begin at a value lower than 
the mean; and as the pressure falls toward the outlet, the flows 
through succeeding sectors of the impeller continue to increase 
toward the outlet. In short, the friction loss in the volute con- 
trols the rate of flow from different sections of the impeller and 
therefore the flow around the impeller cannot be uniform unless 
the volute friction were zero. 

It will be noted that the volute friction is missing from the list 
of losses previously given, because it occurs after throwoff. The 
first section has to flow against nearly the whole of the volute fric- 
tion; the second section, against smaller value, and so on. In 
brief, the volute friction lowers the final outlet head. if the dis- 
tribution of flow were uniform and the diameter of the volute were 
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a definite function of the angle from the dam, integration to get 
pressure drop in the volute is not difficult. But we do not know 
the actual flow distribution beforehand; and such volutes as the 
author has examined do not appear to be designed on any con- 
sistent function of angle or length of volute. 

In the pump chosen, for example, the volute equivalent diame- 


ter varies as 


— for the first 120 deg, and as \ 330 


for the re- 


mainder. 


TRANSACTIONS OF THE A.S.M.E. 


AUGUST, 1945 


The convenient answer for the present is to break up the volute 
into sections (four appear to be enough), caleulate the frietion fo 
‘ach section on uniform flow distribution, and use these values 
Such fric- 
tion curves for sections are shown in Fig. 6, and the ealeulation ot 
flow, in Table 2. 

A flow is assumed for section 1, concentrated at the middle of 
the section, and the net kinetic pressure taken from Fig. 5. The 
friction for this flow from the middle of section 1 to seetion 2 is ob- 


in a step-by-step build-up of the flow distribution, 


DELIVERY, IN VOLUTE GPM 


VOLUTE FRICTION BY SECTIONS 
4 SECTIONS 62.5 EACH 
PRESSURE LOSS, MEDIAN POINT 
TO MEDIAN POINT 


| 
| | 


02 03 04 O08 06 2 3 4 6769! 2 3 678910 
FRICTION PER SECTION, PS! KG 00 (42) 
Fic. 6 Vouute Friction BY SECTIONS 
(Four sections 82.5 deg each, Pressure loss, median point to median point.) 
TABLE 2. CALCULATION OF FLOW DISTRIBUTION AND PRESSURES 
From Fig. 5 air release -——-100 Per cent air release 
Volute Volute 
Gpm Kinetic Gpm friction, Gpm Kinetic Gpm friction, 
section pressure volute psi section pressure volute psi 
Section 1 15.0 54.85 15.0 0.11 15.0 54.85 15.0 0.11 
30.0 53.30 30.0 0.39 30.0 53.30 30.0 0.39 
40.0 52.26 40.0 0.66 40.0 52.26 40.0 0.66 
60.00 50.12 60.0 1.42 60.0 50.12 60.0 1.42 
80.00 48.07 80.0 2.44 80.00 46.58 80.0 2.44 
100.00 46.10 100.0 3.70 100.00 42.72 100.0 3.70 
120.00 44.15 120.0 5.18 120.00 37.60 120.0 5.18 
Section 2 16.0 54.74 31.0 0.01 16.0 54.74 31.0 0.01 
33.8 52.91 63.8 0.05 33.8 2.91 63.8 0.05 
47.0 51.60 87.0 0.09 47.0 51.60 7.0 0.09 
73.8 48.80 133.8 0.19 73.8 48.80 133.8 0.19 
94.5 46.63 174.5 0.31 93.3 44.14 178.3 0.31 
139.5 42.40 239.5 0.56 115.5 39.02 215.5 0.47 
133.5 32.42 253.5 0.64 
Section 3 16.2 54.73 47.2 0.01 16.2 54.73 47.2 0.01 
34.3 52.86 98.1 0.04 34.3 52.86 98.1 0.04 
47.8 51.51 134.8 0.07 47.8 51.51 134.8 0.07 
75.0 48.61 208.8 0.17 75.0 48.61 208.8 0.17 
98.0 46.32 272.5 0.28 94.5 43.83 268.1 0.27 
144.0 41.84 383.5 0.53 117.3 38.55 337.8 0.41 
135.0 31.78 388.5 0.54 
Section 4 16.3. -54.72 63.5 0.01 16.3 54.72 63.5 0.01 
34.8 52.82 132.9 0.05 34.8 52.82 132.9 0.05 
48.8 51.44 169.6 0.07 48.8 51.44 169.6 0.07 
76.3 48.44 285.1 0.19 76.3 48.44 285.1 0.19 
100.8 46.04 373.3 0.32 96.0 43.56 364.1 0.31 
149.5 41.31 533.0 0.62 118.5 38.14 455.3 0.46 
138.3 31.24 526.8 0.60 
Kinetic Veloc- Static Kinetic Veloc- Static 
Gpm pressure ity head pressure Gpm pressure ity head pressure 
Outlet 63.5 54.71 22 54.59 63.5 54.71 0.22 54.59 
132.9 52.77 1.00 51.77 132.9 52.77 1.00 51.77 
169.6 51.37 1.61 49.76 169.6 51.37 1.61 49.76 
285.1 48.25 4.55 43.70 285.1 48.25 4.55 43.70 
373.3 45.72 A: 37.96 364.1 43.2% 7.40 35.85 
533.0 40.69 15.70 24.99 455.3 37 .68 11.40 26.28 
526.8 29.64 15.40 14.24 
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tained from Fig. 6, subtracted from the kinetic pressure of section 
The 
corresponding flow for this pressure is taken from Fig. 5, this 
flow added to that from section 1, and the friction for this sum 
found in Fig. 6, for section 2 to 3, and so on to the outlet. This 
method, while it is an approximation, seems to give quite good 
correlation with more elaborate methods. It will be noted that 
the pressure difference available between inlet and outlet is al- 
ways less than that found merely by assuming uniform flow as in 
Fig. 5 (used for sections individually). 


| to get the pressure subsisting at the center of seetian 2. 


Picktr SHock 
As previously stated, total pickup shock is caleulated as the 
ditference in energy between absolute radial velocity in the eye 
entering the blades, and absolute velocity in the blades immedi- 
ately at pickup. Referring to Fig. 4, the formulation is the usual 
one for obtaining absolute velocity in the entry and need not be 
restated here. 


Dissotvep AiR OR 


Little attention has hitherto been paid to the possible effects 
Water 
dissolves about 16 per cent of air by volume N.T.P., and most 
water handled by centrifugal pumps arrives at the pumps satu- 


of evolved air on the head-capacity curve of the pump. 


rated. The cases where practically no gas is pfesent would be 
those of hot-well or boiler-feed pumps on deaerated water. It 
appears that the release of this dissolved air has quite an im- 
portant effect in reducing the head developed by the pump at 
flows beyond rated capacity and also increases most of the 
losses. 

It has been proved that in turbulent flow the following rela- 


tion holds: Flow of liquid plus gas 


0.00010Spr? + a) 


Ap 
d 


where ais the air as fraction of liquid volume present. Since 


velocity will rise as (1 + @) and p falls as , the effect in the 
l+a 
(1 + a)? 
— OF @). 
(1 + a) 


Consequently, all passage frictions and bend losses inerease as 


liquid formula for the same flow of liquid is 


1 
| + a). The head developed should fall as re and if the 


a 
entire blade passage flowed full there would be a further reduction 
of head in a back-laid blade due to the blade-Velocity effeet on 
throwoff velocity. But we do not know just what changes do 
tuke place although we know that in general, the outlet from the 
blades does not flow full. In any case the effect is rather slight 
and for the present has been disregarded, 

In the region of air evolution, generally beyond rated flow, the 
normal liquid head, air free, multiplied by the air factor has been 


used. Fig. 7 shows the air factor plotted against abso- 
lute pressure at 90 F temperature. Temperature is not impor- 
lant except as to vapor pressure, as the solubility of oxygen and 
nitrogen in water or petroleum oil is not much affected by tem- 
perature, Incidentally, the solubility of air in petroleum oils 
from heavy to light lube oils is about 9 per cent. In gasoline it 
varies from about 15 to 20 per cent, being highest where aromatics 
are present. Inspection of Fig. 5 will show that the effect of this 
evolved air is quite pronounced. The assumptions used in ap- 
plying the air factor are: No release from 14.7 psi down to 12 psi 
in inlet (supersaturation); below 12 psi, complete release in the 
presence of turbulence. 
is yet evolved. 


No effect on inlet velocity head as no air 
No effect on outlet velocity head as all released 
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air, being in the form of fine bubbles, will be redissolved in the 
volute under the high pressure. 


LEAKAGE 


It would seem that leakage can be rather easily calculated. 
Looking at the leakage path down the back of the impeller shroud, 
Fig. 1, it is seen that there is a long capillary seal, followed by a 
chamber with relief holes to suction. 

Taking 

pP, = pressure drop across capillary seal, psi 


> 
z 
ll 


pressure drop across relief holes, psi 

~, + ps = static pressure difference across pump, psi 
b = clearance back of shroud, ft 

r, = outer radius of capillary seal, ft 

r: = inner radius of capillary seal, ft 

total area of relief holes, sq ft 


0.000108 flpv? 


p= ob for a flat {4} 
_ 
a 
0.000108 dr 
Sx? r? 
Integrating 
1.370 X f 1 1 
A= -— 


re 
For the relief holes which are sharp-edged, we can use a coef- 
ficient c = 0.60; then 


0.000108 pQ,? 
= 0.000108 pv? = ——— 


(0.60 a)? 
1.370 X fpQ,? [1 
0.000108 pQ,? 
(0.60a)? 
Q = | 


1.370 X 1078 fp 


1.08 X 10-* p 
(0.6 a)? 


For a given pump where all dimensions required are known and 
the passage is small so that f = 0.054, this becomes merely 


Q=KV ap . 
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Similar setups can be made for any other physical arrange- 
ment. For sealing rings, likely the flow may get into the viscous 
region and the appropriate formulas should then be used. The 
open side of the impeller does not afford a leak as the velocity 
developed in the pump impeller opposes it. If the pump impeller 
is shrouded on both sides there will be two leak paths. Both 
must then be calculated. 


Inrur HorserowreR 
The input horsepower consists of the following: 


1 Water horsepower (Whp) on delivery plus leakage, (dis- 

placement). 

2 Rotation Items 2(a), 5, 5(a), 5(b). 

3 Remainder of pickup shock energy not accounted pressure 

drop, Item 10. 

4 Work done blunt 
Recirculation, Item 12. 
Compression of released air, Item 16. 
Bearings and packing, Item 14. 


losses, 


edge of blades, Item 15. 


Water horsepower on delivery is calculated on the pressures and 
flow, Table 2, by sections, as the water horsepower calculated on 
total flow und pressure difference between inlet and outlet is too 
low, especially at the higher flows. 

Rotation losses are calculated for both sides of the impeller, 
for the breadth of the rim and the hub by the following formulas 


Disk: 
Cylinder: 


Hp = 6.885 X 1075 — d,5) 
Hp = 6.885 X fowd* V8 
where 


N = rotational speed, rps 
p = density, lb per cu ft 
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f = friction factor 

d, = outer diameter disk, ft 
d, = inner diameter disk, ft 

d = diameter cylinder, ft 

w = width of cylinder face, ft 


Inspection of Equation [9] shows that since b, the clearance, 
does not appear directly, the rotation loss of front and rear sides 
It is well 
known that 


and R = — 


f= ~ for a slot 
The value of 6 is 
small behind the shroud but quite large for the open blade 
For the example given in Fig. 1, at 83585 rpm: 


so that f does change from shroud to open side. 
very sm 
passage. 


b, ft hp R f 

0.00167 1.244 74000 0.054 
0.050 0.737 2443000 0.0191 
0.0546 0.800 2594000 0.0142 
0.0735 0.001 596000 0.0170 


7 


Shroud side 
Open side... 


To split hairs, we should integrate for Equation [8], with the 


Most 


( 
value R" 


substituted for f, but it is not worth the trouble. 


of the work is done near the outer diameter of the disk and a 
value of f from R at the outer diameter is good enough. 

One half the pickup shock was treated as a pressure drop af- 
fecting head losses, the other half can be obtained simply by 
multiplying the remaining imaginary pressure by gallons per 
minute circulation and by 0.0005833 which will yield horsepower. 


TABLE 3 CALCULATED RESULTS COMPARED TO TEST VALUES 
For sections 


Delivery, 
Leakage... 
Total flow. 


61.9 
27.5 
89.4 


247.5 
25. 
273. 


No air released 


65.54 


Throwoff pee at outlet 
9.12 


Losses. 


62.14 
7.40 


Impeller differential....... 56.42 
Inlet velocity pressure..........+ 0 


54.74 
0.08 


Net kinetic pressure for flow 56.42 


54.82 


100 Per cent air released 


65.54 


Throwoff pressure ........... 
L 9.12 


62.14 
7.40 


.90 
3.23 


Impeller. . 


56.42 
Velocity head. 0 


54.74 
0.08 


75 35.67 
1.27 2.53 4.18 


Net pressure for flow 56.42 


54.82 


50.02 39.85 


Outlet pressures as reduced by nonuniform distribution and 100 per cent air released 


Net pressure for flow 
Outlet velocity head............. 


0.21 


51.88 49.46 44.04 38 .00 
1.51 3.39 6.79 11.21 


Static 


: 54.53 


50.37 46.07 37.25 26.79 
51.5 46.6 38.2 25.9 


TABLE 4 


Delivery, gpm 

Displacement 
Rotation loss. . ; 

Blade 

Bearings and packing. . 

Pickup shock 

Recirculation 

Air compression 


0.4 


—0.5 —0.9 +0.9 


HORSEPOWER INPUT, 100 PER CENT AIR RELEASE 
61.9 
3.10 


247.5 450 
.67 10. 


Delivery water horsepower........ 
Efficiency, cale, 

Efficiency, 


st 

Be 

= 

165 350 450 550 
28.0 26.4 24.2 22.4 19.6 
28.0 191.4 374.2 472.4 569.6 

ee 56.80 52.66 47.82 43.63 39.85 
’ 51.65 48.75 44.75 40.75 36.20 
0.56 1.27 2.53 4.18 6.24 
52.21 50.02 47.28 44.93 42.44 
56.80 52.66 45.92 3 29.28 
51.65 4 24.31 

16.75 
9.45 

550 
68 11.54 
ae 2.78 2.77 2.76 2.76 2.75 2.62 2.38 
Ce 0.19 0.19 0.19 0.19 0.19 0.17 0.14 
So 0.50 0.50 0.50 0.50 0.50 0.49 0.49 
0.15 0.38 0.54 0.51 0.38 0.23 0.16 
Nee 1.59 1.28 0.80 0.45 0.17 0.0 0.0 
8.22 11.17 13.08 14.85 15.97 15.81 
6.30 8.15 11.11 13.03 14.78 15.88 15.45 
—0.02 40.07 40.06 40.05 +0.07 +0.09 +0.36 
AO vd 0 1.98 4.94 6.96 8.47 8.88 6.40 
nae 0 24.0 44.2 53.2 57.1 55.6 40.5 
ye 0 24.3 45.4 53.9 58.7 54.5 34.4 
0 —0.3 —1.2 —1.6 +6.1 


| 
& CALCULATED, RESYLTS. 


Sohd Lines Test 
Calc 


hic. 8 Test anp CatcuLaTeD 
(Solid lines, test; dotted lines, calculated.) 


The edges of the blades, while rounded, nevertheless have a 
finite section and must be ploughed through the liquid at 
eye-diameter speed; this resistance will add a torque to the 
impeller. 

For recirculation calculation, the best flow was guessed at 450 
gpm as being probable. It turned out from tests completed 
later that the best point of efficiency is about 375 gpm, highest 
water horsepower at 400 gpm. Water horsepower, calculated for 
each flow as described, was subtracted from the 450-gpm value, 
and 15 per cent of this difference was used as the recirculation 
horsepower. Inspection of Thoma’s pictures and consideration 
of many tests indicated that in reasonable designs the recircula- 
tion loss cannot be much higher, and for large pumps may be less. 

When air is released it is at the suction-side pressure and must 
be compressed to the pressures subsisting in the volute. The 
usual isothermal formula was used, since the air is in intimate 
contact with the liquid. The horsepower required is surprisingly 
large but the released air at 550 gpm and 5 psia inlet is about 36 
per cent of the liquid volume. 

Many diagrams of pressure through pump impellers, based 
on centrifugal force, indicate a considerable rise of pressure in 
the impeller toward the rim. We cannot subscribe to this idea 
because the curvature and absolute velocity of the water are al- 
ways much less than that of the impeller rotation, with a laid- 
back blade. With the analysis adopted herein, there should 
be no appreciable rise of pressure in the impeller as the energy 
addition is all kinetic. There should therefore be little or no 
rise until the volute converts the throw-off speed to pressure. 
Bearings are estimated from Dr. Styri’s data on ball bearings 
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not flooded with liquid and the packing is a Cook seal type cal- 
culated on a friction coefficient of 0.005. 

Tables 3 and 4 give the calculated results compared to test 
values, and Fig. 8 shows the comparative plot. 

All the foregoing estimates of losses might appear rather dras- 
tically empiric; but so have the preceding usual methods. So 
far as head is concerned, it appears much closer to calculate the 
head on radial-turbine methods than on an inaccurate use of 
centrifugal force. Obviously, water horsepower is more accu- 
rately calculated on the real difference in pressure in different parts 
of the volute, on a realistic distribution of flow, than on assumed 
uniform distribution, and no recognition of the very considerable 
loss in the volute. Rotation loss and leakage do not seem to have 
received any but empirical attention. The formulas for rotation 
loss and leakage given herein are rigorous. The recognition of 
evolved air effects accounts for the sharp fall-off at high flows. 

} In so far as pressure drop due to pickup shock is concerned, 
we get a good check on the value by test. It will be noted that 
the pickup edge angle as designed is not yet correct at maximum 
flow. We designed a propeller mounted on the hub and designed 
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Fig. 11 


for correct angle at 247.5 gpm delivery. Figs. 9 and 10 show 
the general arrangement. Fig. 11 shows that the gain was 5 in. 
hg, or just under 2.45 psi for the cavitation point, and the caleu- 
lated loss was 3.21 psi. 

This method was tried out in rougher form on several pumps, 
but on the example chosen we had very complete tests and could 
make a fairly close check. 

Some points for design are evident from this method of attack: 

1 The pickup edge of the blades has an important effect 
upon the cavitation point, of value in the design of hot-well or 
high-altitude circulating pumps for aviation. 

2 It should be possible to determine the optimum number of 
blades with less uncertainty. 

3 The volute needs careful study for lower losses; 
those examined are much too small in area at the early sections. 

4 A reasonable amount of research on impellers should fix the 


most of 


recirculation losses, 

5 No doubt high-grade designers know most of what is given 
in this paper but the evidence is that a large number of commer- 
cial centrifugal pumps are still designed by the “whittle”? method. 

We propose to check pumps as opportunity occurs, as un- 
doubtedly much more evidence to establish the value of some of 
the factors is needed. But in this case the correlation was good 
enough to encourage the author to present the method for what it 
may be worth. 
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Discussion 


R. W. Anous.’ This paper attacks the centrifugal-pump 
problem from an unusual angle and gives some matters for con- 
sideration. The pump used in the experimental work was of a 


3 Professor, Head of Mechanical Engineering Department, Univer- 
sity of Toronto, Toronto, Canada. Honorary Mem. A.S.M.E. 


TRANSACTIONS OF THE A.S.M.E. 


AUGUST, 1945 


design from which high efficiency could not be expected; and it 
actually gave less than 60 per cent under test. Under such 
conditions the writer does not believe any theory can be satis- 
factorily checked, because the losses are so high. Perhaps the 
author will report later on an efficient pump. 

The author casts doubt on the accuracy of generally accepted 
theories of the centrifugal pump, because he says the caleulated 
results do not agree with the test ones, and cites the shutofi 
pressure as an example. It should be pointed out that the 
theory is based on certain conditions assumed to exist in the 
pump and if these assumptions are wrong, then the application 
of the fundamental laws of dynamics to the case will lead to 
wrong result. But to take the case of the shutoff pressure, 
no one knows what happens in a pump with the discharge valve 
shut, and without such knowledge it is impossible to apply any 
laws to calculate the pressure reached. 

Many years ago the writer worked out a theory whieh took 
into account the conditions in the pump when delivering at any 
rate of flow, whether the most efficient one or not. Starting 
with the well-known equation, usually attributed to Euler, 
then the power per pound of discharge per second, put into th 
water Is 
rim speeds at the exit and entry of the impeller, and cs and ¢ are, 


eu) /g where uw and are, respectively, the 


respectively, the circumferential components of the absolute 
water velocities just before exit from and entry to the impeller. 

By adding this head, having due regard to signs, to the friction 
losses in the suction pipe, impeller, guide ring, and spiral casing, 
and to the shock losses throughout the pump, a very simple re- 
lationship, in the form of a quadratie equation, is found between 
the physical dimensions of the pump and its speed, discharge, 
and head. The writer hesitates to give this somewhat long 
expression, 
author’s method of taking the square of the difference ot the 
absolute velocities, but the square of the veetor difference o! 
these velocities. This method of approach may be found in 
some old books on centrifugal pumps. 

That the designers of pumps are working on satisfactory theory 
is proved by their product and the writer has found that the so- 
called classical theory has, when properiy applied, given aceu- 
rate results in many cases he has tried. 

The writer can hardly conceive of the state of affairs referred 
to under the first paragraph on “Volute Effects.” The word 
“dam” seems quite appropriate to the obstruction which pre- 
vents the water leaving the impeller at this point but few pumps 
have such a dam and there seems no reason for it. The ac- 
celerations and retardations of the water leaving the impeller, 
if the author’s theory is correet, would undoubtedly produce 
vibration and trouble. , 

There are two sources of loss in the volute; the first is a shock 
loss due to the change in water velocity and direction, and the 
second is the friction loss in a bent channel. Some years ago 
the writer was engaged on the problem of design of an intake for « 
power plant and a brief statement of some of the work done is 
given in a paper by the writer.!| One form tried was a long, 
straight, submerged pipe, tapered at the outer end, and having « 
slot parallel to the pipe axis along about three quarters of the 
outer length of one side, through which the water entered tlic 
tube. The entire discharge left through the inner end of the pipe. 
By arranging guide vanes along the slot, and properly propor- 
tioning the latter, the draft per foot length was practically con- 
stant throughout the entire length of the slot. The case is ex- 
actly analogous to the volute and if the design of it is proper!) 
made the combination of shock and friction losses will make the 


The shock losses are not, of course, given by the 


4 “Intakes for Power Plants,” by R. W. Angus, Trans. 
vol. 46, 1924, pp. 1131-1164. 


| 
| | | 

| | | 

| 

om 
af 

eS: 

Ore 

= 

| 
| 

| 

( 


PIGOTT 


flow per linear inch of opening practically constant, which it 
doubtless is in good pumps. 

Under “Leakage” the author diséusses flow through the so- 
called “capillary seal,” which does not exist in most pumps. 
There is usually considerable clearance between the casing and 
the back of the impeller, and doubtless water is whirling in this 
space producing variable pressures through it. These must af- 
fect the leakage but there seems little chance of evaluating these 
pressures. Experience is by far the best guide in this matter. 

The general turbine theory furnishes a good basis for pump 
design and recent papers read before the Society show that the 
same machine may often be used as a pump or as a turbine, 
without much change in efficiency. From many tests made by 
the writer he is convinced that the designers of good pumps work 
along reliable theoretical lines; he finds it difficult to work up 
much interest in manifestly inefficient pumps. 


R. M. Warrson.* 
esting method of predicting the performance of a centrifugal 
pump. 


In his paper the author presents an inter- 
It is, as he says, highly empirical.  [t appears, however, 
to involve considerably more work than is usually applied using 
the so-called) more rational methods based on the classical 
theory. 

It is fortunate that occasionally individuals do rise to challenge 
the design methods based on the classical theory of Euler; such 
challenges force the designers into a more critical analysis of the 
basis of the theory and its use. 

In the introductory paragraph the author states that the 
classical theory is incorrect or at least incomplete. Unfortu- 
nately, this concept has been fostered even by many centrifugal- 
pump and compressor designers who have blindly applied the 
formulas developed for an idealized flow to the actual pump or 
compressor, without consideration of the points of deviation 
which occur. For instance, the classical Euler theory sets up a 
relation between the energy transferred between the impeller 
and the fluid, based on the rate of change of moment of mo- 
mentum of the fluid from the inlet to the discharge of the im- 
peller. The relation is based on the actual absolute velocities 
and radii of the fluid and impeller at the inlet and discharge. 
This relation is absolutely correct, whether the hydraulic ma- 
chine is a turbine, a centrifugal pump, a centrifugal compressor, 
or an axial-flow-type machine. 

Unfortunately, many engineers have applied or rather mis- 
applied this theory by assuming that the fluid flow follows the 
vane angle at discharge and that the velocity distribution is uni- 
form across the vane channel, conditions which obviously could 
hold only for an infinite number of vanes. For a finite number 
of vanes, the pressure difference across the flow channel in 
the impeller, which results from the energy transfer between the 
impeller vanes and the fluid flowing, would naturally deflect 
the flow at discharge in such a direction as to reduce the abso- 
lute velocity and, consequently, the head at discharge. Refer to 
Figs. 12, 18, and 14 of this discussion in illustration of these 
points. This was predicted, based on the Euler theory, by 
Daugherty® more than 20 years ago. This deflection was meas- 
ured and verified by the investigations of Knapp and Binder in 
their work at the California Institute of Technology.? 

Attempts have been made to give mathematical expression 
'o the magnitude of this deflection principally based on the 
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Fig. 15. 


assumption that the flow in a centrifugal pump is irrotational, 
see Fig. 15 of this discussion. Probably the expression devel- 
oped by Stodola is most usable. At other than the design con- 
ditions of the hydraulic machine, the Euler theory could still 
be applied were one to know the true flow conditions rather 
than, as is the usual practice, making simplifying assumptions 
for the purpose of easing the mathematics involved. 
Unfortunately, at a given speed, any design is correct for only 
one rate of flow. As pointed out by the author, the rate of 
change of volute area is either too slow for rates of flow greater 
than design, or too rapid for rates of flow less than the design 
rates. This accounts to a large extent for the rather sharp peak 
at the design point which occurs in the efficiency curve for a pump. 
Incidentally, many designers, in an attempt to make a pump usea- 
ble over a wide range of capacities, frequently depart from volute 
designs which would follow a simple law, to produce efficiency 
curves which are flat over a relatively wide range of flow rates. 
This, in many designs, would account for the difficulty the author 
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had in finding a consistent mathematical expression which the 
volute areas would follow from the tongue to the discharge. 

It is interesting to note that it is frequently easier over a wide 
range of flow to develop an empirical formula to fit the char- 
acteristic of an inefficient pump than that of an efficient pump. 
This is because of the relatively high state of turbulence in an 
inefficient pump which irons out the sudden changes in flow 
patterns in the pump inlet and volute which tend to occur with 
changing rates of flow. Assuming that the tests of the pump 
shown in the author’s Fig. 8 were run at 3585 rpm, we could ex- 
pect about 75 per cent efficiency for a pump properly designed for 
the conditions of service shown rather than the 59 per cent pro- 
duced by the pump analyzed. 

The inefficient pump thus produces a head-capacity curve 
which is much easier to express by empirical mathematics than 
one which is so efficient that the sudden flow changes show up in 
the shape of the characteristic curves as abrupt changes of shape. 

For instance, it is believed that it would be difficult by the 
author’s method or Professor Sherzer’s theory, to which paper (1) 
the author refers, to predict or explain the performance of pumps 
giving the curves of the types shown in Fig. 16 of this discussion. 

While it is not easy to predict the performance from shutoff 
to maximum capacity, a proper understanding and application of 
the classical theory combined with modern theory of fluid flow 
does offer an excellent means for explaining the phenomena ob- 
served and for adopting design features which will produce, 
within limits, various characteristics as desired. 

It should be emphasized here that the classical Euler theory 
is developed for the impeller only. For the uniform discharge 
around the periphery of the impeller, and the normal flow angles 
to be realized, it is important that for each rate of flow the inlet 
angles of the impeller blades should match the actual flow angles, 
and the rate of area change in the volute should match the rate 
of flow. For any actual pump this can occur at only one rate of 
flow and for carefully designed inlets. To apply the Euler theory 
under any other conditions is to ignore the departures from the 
usually assumed flow angles and uniform flow rate which are 
impressed on the flow by the unmatched volute and inlet angles. 

Unfortunately, the paper does not include dimensional data 
on the pump analyzed. This makes the reasoning somewhat dif- 
ficult to follow. 

Equation [1] in the paper is merely the trigonometric relation 
between the various vectors drawn at the discharge of the im- 
peller. It expresses the absolute velocity at discharge in terms of 
the impeller areas, the rate of flow, and the peripheral velocity 
of the impeller. From this relation the author computes the 
“throw-off pressure”’ as a velocity head multiplied by the density. 
This seems to be the only part of the head developed which the 
author is willing to recognize. This impression is strengthened 
by later comments to the effect that no rise of pressure should 
occur, by the author’s analyses, in the impeller. However, in a 
well-designed normal impeller, the absolute velocity at discharge 
is only about 50 per cent of the peripheral velocity of the impel- 
ler. By the Euler theory this would mean that the head pro- 
duced by the impeller as velocity head only would be only 25 
per cent of the total head developed. This is confirmed by many 
pump tests of the volute pressure at the periphery of the impel- 
ler and by the investigations of Knapp and Binder’ previously 
mentioned. It is also partially confirmed by the observed def- 
ormation between vanes of impeller shrouds which are too thin. 

Due to the absence of numerical data and actual test readings, 
the writer has been unable to follow the analysis in detail to 
determine where the head actually developed came from. Al- 
though the efficiency of the pump was low and the application 
of the author’s Equation [1] seems to have neglected the fact that 
the relative flow departs considerably from the actual vane angle, 
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even then when corrected, it is difficult to conceive of the throw- 
off pressure computed from Equation [2] agreeing as closely 
with the measured values as indicated by the author’s figures. 

The author’s analysis of the effects of the evolution of air are 
interesting. As he comments, the effect on the pump perform- 
ance is dependent to a considerable degree on the extent to 
which the pump designer considers this factor when laying out 
the pumprinlet passages and shaping the impeller-inlet’ vanes. 
This evolution of a gaseous phase not identical in nature to cavi- 
tation must be recognized by designers of process pumps for 
petroleum-refinery applications. Most petroleum products as 
pumped by centrifugal pumps are composed of fractions ranging 
from very heavy liquid fractions to very light dissolved gaseous 
components, in varying proportions. The reiease of these gases 
within the impeller at the inlet is the rule rather than the excep- 
tion and must be considered in the pump design. 

The introduction of a propeller in the pump inlet, particularly 
to improve operation where the energy in the incoming liquid in 
excess of the vapor pressure is low, is interesting. The improve- 
ment resulting from its introduction is understandable as the in- 
let design of the pump illustrated is particularly bad. As the 
pressure drop and the losses at the inlet are proportional to 
the square of the relative velocity between the impeller and the 
liquid, all other factors being equal, one would naturally expect 
the considerable improvement in performance due to the reduc- 
tion of vane velocity at inlet. 

The separate impeller construction was used many years ago 
in some critical applications because the open construction per- 
mitted careful cleaning and accurate shaping of the cast vanes at 
inlet, an important factor in hot-well-type pumps. However, as 
foundry technique improved, this corrective type of design was 
abandoned 15 to 20 years ago and the separate inlet vanes in- 
corporated with the impeller. That impellers can operate under 
exceedingly difficult inlet conditions is illustrated by the results 
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shown in the designs developed for hot-well service aboard ships. 
There, suction specific speed values in excess of 26,000 (based on 
gpm units for capacity) have been reached, see Fig. 17. 

It is unfortunate that the author appears to have been misled 
by Professor Sherzer’s erroneous attack on the classical pump and 
turbine theory. However, his paper does serve to call attention 
to the fact that pump design is still, to a considerable degree, 
an art rather than a science. It should serve also, through the 
discussion it should evoke, to direct more careful attention to the 
application of the classical pump and turbine theory of Euler 
rather than to an attack on the theory itself. 


AutTHOR’s CLOSURE 


Answering similar points in both Mr. Watson’s and Professor 
Angus’s discussion, the author should perhaps have made himself 
clearer. He is not attacking the classical theory, only the way it 
has hitherto been applied in many cases, and particularly as it is 
applied in most of the texts on the subject. The author does not 
believe he has been misled by Professor Sherzer’s remarks on the 
classical pump-turbine theory, because he is fully aware that his 
proposal for solving the problem was equally erroneous, but he 


449 


did bring up some points in the discussion indicating how the 
application of the classical theory will get us into trouble. 

The author’s purpose, as explained, is simply to get the de- 
signers to loosen up on what it is they actually do in allowing for 
the changes of behavior from the unadjusted classical theory 
because he cannot find it in the textbooks, and this paper was an 
attempt to needle some of the designers into telling us just what 
they think is right. The author also finds, in the literature, com- 
plete divergence of opinion in the theoretical treatments as to 
whether flow through impeller blades must be treated as rota- 
tional or irrotational. So far as he can learn, neither of the 
methods of approach has, at least in published prints, given us 
the complete answer. 

With regard to the efficiency of the pump used as the single 
example in this case, it might be remarked that the method was 
applied actually to two other pumps and at different speeds, and 
still gave quite a reasonable check. 

With regard to the efficiency of the particular model, the 
author is well aware that much higher efficiencies are obtainable 
in pumps and has in past years tested some of them, but the fact 
remains that pumps of the size under discussion, and as sold com- 
mercially, are as a rule not any better than the example given 
here. For example, a 300-gal pump, 60 per cent; 125-gal, 50 per 
cent; 40-gal, 30 per cent. These are all commercial pumps 
bought in the open market from different makers, and were sup- 
posed to be fitted to the jobs they were todo. There is not much 
gained by talking about high efficiency when the bulk of the 
pumps sold for ordinary purposes do not reach these values in 
this group of sizes. Therefore the pump in question is not a poor- 
efficiency pump—it is on a level with most of the stuff of this size 
being sold. Of course when one gets to a boiler-feed pump, or a 
large circulating pump, the picture is quite different and he should 
expect to get, and does generally get, efficiencies of around 72 to 
75 per cent for the 1000-gal boiler-feed pump, and maybe 78 per 
cent for the circulator. But the fact remains that the small 
pumps are not usually within a considerable distance of these 
values. The author has seen tests on a pump of about the same 
dimensions as the one given in the example, and used for the 
same purposes, in which the efficiency was 78 per cent. This 
pump was really designed for high efficiency. 
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A Study of the Theory of Axial-Flow Pumps 


By G. F. WISLICENUS,' HARRISON, N. J. 


The essential aim of this paper is to present the theory 
of axial-flow pump runners in as simple a form as possible. 
The results are fairly conclusive in so far as the determi- 
nation of the flow conditions in individual cylindrical 
stream surfaces is considered. In addition, it has been 
found possible to eliminate the controversy between the 
one-dimensional and the two-dimensional theories. The 
question of the method to be employed in building up the 
performance of the machine as a whole is still contro- 
versial and has been presented in this form. 


INTRODUCTION 


NISTING publications on the theory of axial-flow pumps 

or turbings show a sharp distinction between the classical 

or one-dimensional approach and the ‘‘airfoil’’ or two- 
dimensional approach to this problem. Tt will be the principal 
aim of this paper to demonstrate that the results of these two 
methods of calculation are essentially the same, provided that 
certain well-established theoretical corrections are applied to 
the two-dimensional equations, in order to take into account the 
interaction of the vanes in the system. It is hoped, that the 
natural correlations between these corrections and the familiar 
one-dimensional theory will tend to increase ‘confidence in’ the 
theory to which they apply. 

Another point of discussion will be the method of building up 
the performance characteristies of the machine as a whole from 
the through-flow of the individual 
cylindrical stream surfaces. Several recent publications calculate 
the head as the weighted average of different head values apply- 
ing to the individual stream surfaces. 


head vs. characteristics 


The author has 
countered certain logical difficulties connected with this method, 
and has therefore used the method of summing up the flow 
under the assumption that the pump head remains the same for 


en- 


all stream surfaces. In spite of practical difficulties connected 
with this method, a sufficient agreement with test results has 
been obtained to warrant using this latter method. 

The theory of axial-flow machines will first be discussed strictly 
on the basis of frictionless flow; that is to say, the influence of 
the vane drag will be considered separately, at the end of this 
paper. The principal reason for this departure from the con- 
ventional form of presentation is that a simpler and at the same 
time more complete presentation becomes possible, since the 
theory of frictionless flow permits the determination of the flow 
for given vane systems, as well as the familiar derivation of the 
vane shape from giver flow conditions. 

The usual application of the theory to the design of new run- 
ners from given operating conditions is of unquestioned value. 
But it is not for this reason alone that the theory of axial-flow 
runners merits investigation. The theory is an indispensable 
instrument for obtaining information on the flow conditions in 
the machine. 
and the development of new design forms is based on the 


The relation between theory, flow conditions, 


simple consideration that any reasoning on the hydraulic design 
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of the machine, as well as any theory of the flow in the machine, 
requires « mental picture of the flow and of the action of the 
runner on the flow. Sinee the theory predicts the performance 
of the machine, it follows that the agreement or disagreement 
between the theoretical predictions and test results proves or 
disproves the validity of the mental picture of the flow. A flow 
picture thus corroborated can then be used as the basis for the 
improvement of existing forms and the development of new 
designs. It is for this reason that the theoretical determination 
of the flow and operating characteristics from the form of an 
existing test runner is considered as the most important object 
of the theory of such runners. - 
#he present investigation is in agreement with most publica- 
tions on the same subject, with regard to the fact that the flow 
assumed to proceed through the runner along coaxial eylindric 
stream surfaces, 


i: 
Only under this condition is it) possible to 
consider, in the absence of friction, the relative flow along these 
stream irrotational fluid motion. This means 
that the relative flow through the moving vane system can be 
treated in the same manner as the absolute flow through «a 


surfaces as an 


corresponding stationary system of vanes. 

Of the various points of difference between the one-dimension: | 
and the two-dimensional approaches to the theory of axial-flow 
runners, the outstanding contrast involves the amount of guid- 
ance assumed to be exerted by the vanes. The one-dimensional 
approach is defined by the fact that the flow on the discharge 
side of the vane system is, in the ideal case, assumed to be parallel 
to a suitably defined average direction of the discharge portion 
of the vane. In contrast to this approach, the two-dimensional! 
theory is characterized by the calculation of the force action 
between the vane and the average flow, on the basis of theoretical 
or wind-tunnel data pertaining to a single vane in an infinitely 
extended stream. From this foree action can be ealeulated the 
change of the flow and the head of the machine. 


Two-Dinenstonat THEORY 


The two-dimensional procedure is exemplified in Fig. 1, where 
the average relative velocity is defined as the vectorial mean 
between the incoming and the discharging flow, and is designated 
by reo. Tf Lis the foree-action normal to this average flow, then 
for unit span 


From theory, confirmed by wind-tunnel data 


Cy, 2x sin 
where @ is the angle of attaek measured from the direction of 
zero lift. 

For vanes which do not overlap, a sufficient approximation of 
the zero-lift direction can be obtained by drawing a straight line 
through the trailing edge and through the point A in Fig. 1. If 
the point of maximum camber lies in the leading half of the vane, 


this point A is the point of maximum camber,? otherwise point A 


is to be located at the center of the mean camber line of the vane. 


? Defined as the point where the distance from the mean camber 
line to the chord reaches a maximum. The mean camber line and 
chord are understood to be drawn in accordance with the established 
practice of the N.A.C.A, 
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If the vanes overlap, the leading part of the vane has less 
effect on the vane action than it would have if the vanes were 
widely spaced. This fact can be taken into account to some 
extent by drawing the zero-lift line according to the simple rule 
exemplified in Fig. 2. 

From the change of the peripheral momentum of the flow 


[3] 


where Ly is the peripheral component of L for unit span. 
It is seen that 


Vo 
consequently 
2AVy t 
Vo 


This equation relates the deflection AVy to the average flow 
Ue, to the ratio of vane spacing to vane length, t/l, and to the 
inclination a of the vane to the average relative flow. 

Since only ¢// and @ represent the form of the vane system, 
the latter may be replaced, hydraulically, by a system of straight 
and parallel vanes, related to the actual vane system, as shown 
in Figs. 1 and 2. With this simplification in mind, it is then 
possible to compare the two-dimensional theory, Equation [5], 
with the one-dimensional assumption that the relative discharge 
velocity v2 is parallel to this straight vane. The logical basis of 
the comparison is that the two theories must not give contra- 
dictory results. More specifically: the results of the two- 
dimensional theory must consistently approach those of the 
one-dimensional theory as t/l approaches zero. 

Here an apparently paradoxical situation is encountered. If 
Equation [5] is rewritten in the form 


l 
AVy = (6) 


it is seen that for infinitely close vane spacing, i.e., for t = 0, 
a must also become zero, since otherwise the deflection AVy 
would become infinite. However, a = 0 means that v and not 
v. has the direction of the vane; and that the flow is deflected, 
according to the two-dimensional theory, more than predicted 
by the one-dimensional theory. 

In order to eliminate this contradiction, and thereby bridge 
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the gap between the two-dimensional and the one-dimensional! 
approaches, the foregoing equations must be changed. Physically, 
it is most natural to reason that the vane in the system cannot 
have the same characteristics as the same vane in the corre- 
sponding position in an infinitely extended stream, This means 
that Equation [2], which applies to the latter case, must be 
changed to apply to the vane in the system. The change is 
expressed by the ‘‘lattice-effect coefficient’? A, defined by the 
relation 


Then Equation [5] becomes 


vo l 
or 
Vo SMa 


Fie. 3 


For the limiting case represented by the identity of v, and tl. 
direction of the vanes, Fig. 3, the relation 


Sin a 
t AVy 
— 
i 2 
may be derived; and, by comparison with Equation [8], it 's 
seen that 
lim in 8 
0 
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or . 
2 
t l B 
| 
l 
Equations [9] and [10], when written in the forms 
t 2 
and [10a] 
l rsin B 


may be considered as the one-dimensional approximation for the 
flow conditions in systems of straight and parallel vanes. This 
approximation for the lattice-effect coefficient K is represented 
graphically by the straight lines in Fig. 4, but is obviously 
correct only for small values of ¢/l. The actual shape of the 
curves of K as a function of ¢/l may now be estimated by the 
condition that these curves must approach their one-dimensional 
approximations for small values of ¢//, and the line K = 1 for 
large values of t/l. This reasoning is confirmed by the exact K 
curves which are shown in Fig. 4, for 8 = 20 deg and 8 = 70 deg, 
in relation to their one-dimensional approximations. A complete 
set of K curves, whose theoretical derivation is given by Weinig 
(1),4 is given in Fig. 5. 

It is of interest to note that the exact theoretical values of K 
are never higher than their one-dimensional approximation. 
This means, physically, that the flow through a system of straight 
and parallel vanes is never deflected more than predicted by the 
one-dimensional theory. The strict proof of this important fact 
lies, of course, in the theoretical derivation of the A curves. A 
far simpler and more plausible demonstration, however, may be 
derived from the well-established ‘‘\Joukovski condition’? which 
states that the flow about a vane or airfoil is deflected to such a 
degree that it leaves the trailing end of the vane smoothly, L.e., 
in the direction of that part of the deflecting surface. 

It is then clear that, in the immediate vi- 
cinity of the trailing edge, the theoretical 
direction of v, always coincides with the di- 20 


The foregoing considerations, and the diagram in Fig. 5, show 
that the correction of the lift coefficient by the lattice-effect 
coefficient K is a matter of importance and cannot be disregarded 
even for approximate calculations. In the first place, the de- 
partures of AK from unity are quite large, in particular in the 
vicinity of t/l = 1. Then, even according to their one-dimen- 
sional approximation, the K values are, within a large range of 
practical importance, well below unity, which means that in this 
range the assumption K = 1 would lead to greater deflections 
than the one-dimensional theory. This, however, is the very 
case which was shown to be incompatible with the Joukovski 
condition. 

Form of Vane System. It is generally known that the fore- 
going equations can readily be used for finding the form of the 
vane system from the flow or operating conditions. The method 
of solving this problem is essentially the following: 

The vane thickness can be taken into account by the following 
simple approximation: A ‘‘thickness reduction ratio” C;, which 
is assumed to be constant throughout the system, is derived from 
the relation 


where 7 is a mean value of vane thickness, measured as shown in 
Fig. 1. Then, if V, is the through-flow velocity between the 
vanes, and Vag is the velocity before and in back of the vanes 


where Vao is calculated from the continuity relation 
Veo = Q/(Don* — Dy?) 


Here Dgp is the outside diameter, D, the hub diameter, and Q is 
the rate of through-flow in volume per unit of time. 

For all subsequent considerations, however, it is possible to 
make the simplifying assumption 


rection of the vane, and the local value of 
AVy can be determined by that condition. 


by the vane, and must therefore be expected 


to be lower at a greater distance from the 


7 — 


The deflection AVy, however, is produced | 
L 
vane. | 


Consequently, the average value of 
AVy will be smaller than its local value at 
the vane discharge edge, so that the average 
flow is deflected from its initial direction, 
v;, somewhat less and never more than 


dictated by the direction of the trailing edge 1 


of the vane. The deflection, calculated by 
the one-dimensional condition that the aver- 
age flow leaves the system in the direction %< 
of the vane, is therefore the greatest pos- 
sible deflection and is reached only as a 
limit for very closely spaced vanes. The K os 


value, which according to Equation [8] is 
proportional to the average deflection AV yp, 
is therefore less than, or for small vane spac- 
ing equal to, but never greater than its 


one-dimensional approximation. This con- 
firms the theoretical results for K. é os 70 15 Zo 
* Numbers in parentheses refer to the Bibli- tt 
ography at the end of the paper. Fie. 4 
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WISLICENUS 


Ve: = Vac = Va = const 


that is, to use for the axial-velocity component the same value 
before, between, and after the vanes. 

The relation between AVy, H, and U is given by the Euler 
equation 


where n, is the “hydraulic efficiency’ of the machine. Thus 
the form of the velocity diagram is determined, since (’, V,, Vi, 
and AVy are given by the impeller inlet and operating condi- 
tions. It is now possible to design the vane shape in such a 
manner as to satisfy this velocity diagram. 

From Equation [5], C; may be derived by assuming a value 
for ¢/l; or t/l may be caleulated by assuming a value for C, 
from wind-tunnel tests. 

The angle of attack @ may now be determined from C, accord- 
ing to Equation [7|. In order to determine in this equation the 
coethcient A’ (from the diagram, Fig. 5), it is first necessary to 
estimate 8, which is slightly greater than 3,, (known from the 
velocity diagram). 

From the final value of @ is derived the vane angle 3 = 8, 
+ a, which determines the zero-lift direction of the vanes (see 
Fig. 1). The curvature of the vanes may be chosen so that the 
direction of the leading portion matches the direction of the 
relative inlet velocity, 

Flow for Given Vane System. For frictionless flow, it is possible 
to solve explicitly the inverse of the foregoing problem, that is, the 
problem of finding the flow (deflection) for a given vane system. 
The analysis can be presented and solved in two different forms: 

1 The vane system and the direction and magnitude of the 
inlet velocity V,, as well as (", are considered to be given. The 
problem is that of finding the resulting deflection AVy of the 
flow. The zero-lift line may be drawn as shown in Fig. 1 or 2. 
For the vectorial distance AVy* from the end of r to the zero- 
lift direction, Fig. 1 vields the equation 


sill @ 


AVr 


= 
2 sin 3 


AVe SV y* 
2 SIN @ 1 
AVy 2 


[14] 
+ | 
sin 3 
However, by using Equation [8], Equation [14] ean be written 
in the form 


. (15) 
l sin 


It is seen that all variables on the right side of this equation 
are given by the form of the vane system and the inlet flow condi- 
tions. Equation [15] can therefore be solved for AV explicitly. 

2 It is possible to determine the relation between the de- 
flection AV, and the through-flow velocity V, for a given vane 
system. That is to say, a local head vs. through-flow curve 
ean be derived for any given cylindrical section through the 
runner. It is possible to determine these local head vs. through- 
flow relations directly for zero head and for zero through-flow 
(see Fig. 6). WV, for zero head is identified by the point of inter- 
section C of the zero-lift line with V,;. For V, = 0, a = 8 and, 
consequently, from Equation [8] 
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FOR ZERO HEAD 


Va 


From the velocity diagram 


Equations [16] and [17] determine point B. The zero-lift 
line (angle 3) is determined by the form of the vane section con- 
sidered, while the direction of the inlet velocity (angle @) must 
be assumed to be given by the form of the stationary inlet 
passages. It is then possible, for any value of V,, to draw a line 
parallel to U’, whose intersection with CB is the point D, while 
its intersection with V; is the point L. The line LD = AV, 2 
determines AV,-, and thereby the head for a given value of V, 
in the section considered. 

If the direction (6) of the inlet velocity (Vj) is constant, point 
D falls for all values of V, on a straight line connecting C and B. 
This is seen to be true by referring to Fig. 1, where it is clear that 
changes linearly as a function of V,. From Equation [15], 
however, it is seen that AV, is proportional to AV y*, and, conse- 
quently, \Vy has been proved to change linearly with V,. The 
head of the machine varies with AVy, and is thus shown to have 
a linear relationship with V,. 

With a definite value for V, at zero head, and a definite value 
of the head for zero through-flow, the straight-line characteristic 
describing the variations of the head as a function of the through- 
flow velocity is then determined for every cylindrical section 
considered (see Fig. 7). 


Ont-DIMENSIONAL THEORY 


The derivation of the flow in individual cylindrical sections 
which has just been described could also have been accomplished 
on the basis of the one-dimensional theory. Departures of the 
flow from the direction of the trailing edge of the vane can be 
expressed by a correction factor Cy, which modifies the Euler 
equation in the form 
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H = mC 
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HEAD Va LINE FOR 
OUTERMOST CYLINDR. SECTION 


HEAD INTEGRATION 
ALONG LINE Vq* const. 


HEAD 


THROUGH -FLOW 
INTEGRATION 
ALONG LINE #/ «const. 


HEAD vs. Va LINE 
FOR SECTION 


LOCAL THROUGH-FLOW VELOCITY Va 


Fie. 7 


where Vv2* is defined by the fact that the corresponding relative 
velocity is parallel to the direction of the discharge portion of the 
vane (see Fig. 1). In general, this correction factor is deter- 
mined empirically. It is, however, also possible to determine 
it on the basis of the results of the two-dimensional theory, in 
analogy with the method of determining K. 

The first approximation of K was obtained by equating the 
results of the two-dimensional theory to those of the one-dimen- 
sional theory, putting the correction factor of the latter, Cy, 
equal to unity. This first approximation of K, however, was 
improved by the exact solution of the two-dimensional flow 
through a system of straight and parallel vanes. With these 
improved K values, it is then possible to determine the correction 
factor Cy of the one-dimensional theory, that is, by the inverse 
of the process by which the first approximation of K was origi- 
nally obtained. 

Equation [18] may be written in the form 


H U 

Th g g 
where AVy* = Vu2* — Vu, while AVy is the corresponding 
actual value of the change of the peripheral fluid velocity. But 
by using Equations [15] and [19], it is seen that 


The results of this equation are plotted in Fig. 8. It is seen 
that for low values of t/l the correction factor approaches unity, 
which is logically consistent with the fact that friction is not 
taken into account, so that the limiting case of t/1 = 0 represents 
the ideal one-dimensional case. 

Since these Cy values are derived from the two-dimensional 
theory by using theoretical K values, it follows that they apply 
directly only to systems of straight and parallel vanes, because 
only for this case are the theoretical K values strictly applicable. 
It is possible, however, to use these Cy values for other vane 
forms, provided that the average direction of the discharge 
portion of the vane is chosen to be equal to the zero-lift direction, 
as in Figs. 1 and 2. 

The Cy diagram shows clearly that the one-dimensional 
theory in the form just stated applies with little or no correction 
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as long as t/1 < 1. For wider vane spacing, this theory is less 
advantageous, but can still be employed when using the (,, 
factors given in the diagram. This does not mean that the two- 
dimensional theory becomes unnecessary, because the Cy values 
were derived on the basis of the two-dimensional theory. Using 
the K factors and the Cy factors, respectively, the two-dimen- 
sional and one-dimensional equations yield exactly the same 
results. 


DeriIvaTION OF Heap-Capaciry Curves oF Macuine Fro 
CHARACTERISTIC LINES OF INDIVIDUAL FLOW SEcTIONS 


It has been shown that apparently conflicting theoretical treat- 
ments of the flow in the individual sections can be brought into 
satisfactory agreement. The resulting theory is not only simple 
and logically consistent, but it also is in reasonably good agree- 
ment with test results. No such satisfactory statement can be 
made as yet concerning the problem of deriving from the charac- 
teristics of the individual flow sections the performance of the 
machine as a whole. 

At this point, it is well to consider the fact that the head may 
vary as a function of two variables, namely, the rate of through- 
flow and the distance r from the center of rotation in the runner, 
(This fact is demonstrated by Figs. 10 and 11.) Variations as a 
function of the rate of through-flow were previously discussed, 
while in the following sections the variations as a function of r 
are of major importance. ‘‘Constant head”’ or ‘‘variable head’’ 
therefore refers in the following discussion to the latter variation 
over the cross section: 

In some publications, notably those by O’Brien and Folsom 
(2), and by Wattendorf (3), the head of the machine is calculated 
as the average of different head values produced by the various 
cylindrical sections through the runner; only at the “design 
point” are these values assumed to be equal at the same through- 
flow velocity, V,. Away from this point, the head is averaged, 
by multiplying each local head value by the narrow ring cross 
section to which it applies. 


ToD 
(rop?— Thur? = f H,da = f H,2erdr ... [21] 
hub r 


hub 


The through-flow velocity is assumed to be constant over the 
impeller cross section. This approach can best be represented 
by a vertical section through the bundle of local head vs. through- 
flow curves in Fig. 7. 

The differences in pump head which are averaged by Equation 
[21] may be quite large. For approximately constant energy 
distribution at the inlet side of the runner, correspondingly large 
head or energy differences must be assumed to exist in the stream 
leaving the impeller. If the capacity differs appreciably from 
the design conditions, these théoretical energy differences may 
well exceed the velocity head of the average through-flow. In 
this case it becomes difficult to understand how this stream can 
form, further away from the runner, a flow of approximately 
constant energy. While such head differences between the 
individual vane sections have been observed by means of pitot- 
tube measurements, the resulting head of the machine did not 
seem to be consistent with the results obtained according to 
Equation [21]. 

A more serious difficulty arises from the question of whether 
the variations in pump head assumed by this theory are com- 
patible with the requirement that the differences in static pres- 
sure over the cross section must be in equilibrium with the centni- 
ugal forces of the rotating fluid masses. It will now be demon- 
strated that for a flow of constant angular momentum at one 
side of the runner (this includes the case of zero rotation), the re- 
quirement of equilibrium of radial forces is satisfied only if the 
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head produced along all the eylindrical stream surfaces of the 
runner is the same. The only exception to this rule will be seen 
to be the fietitious case that the fluid leaves the runner at a rota- 
tional velocity equal to the runner velocity (Vy: = U); that is, 
the whole mass of fluid leaving the runner rotates as a solid body 
at the velocity of the runner. This case, however, is not realized 
in axial-flow pumping machinery. 

Assuming cylindrical flow, any differences in static pressure 
between various cylindrical sections must be caused by or be in 
equilibrium with the centrifugal forces of the fluid rotating about 
the axisof the machine. With reference to Fig. 9, the equilibrium 


Ve + 
Ke 


Fic. 9 


between the radial pressure increase and the centrifugal force 
may be expressed 


r 
(, a = ir) (r + dr)da — pdrda — prda = prdadr 
dr 
or 
d VY? 
dr r 


Dividing both sides by y gives the change from pressure to static 
head. Then at the impeller inlet 


tha, Vor 


dr gr | 
and at the discharge 
dhs : | 
[24] 
dr qr 
Therefore 
[25] 
dr dr gr 


The total head H is the sum of the static head change Ahg¢ and 
the velocity-head change Ah,. 


V.2 — V;? 
Sh, = 
2y 
but 
Vet = + Vy:? 
= Pe + Vu? 
Consequently 
ue? — Vu;? 
Oh, = .. {2¢ 
29 
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so that 


Then 


d Shy, dH (Es: Ver Vor! {28 
qr 


dr dr qg g dr 


For each evlindrical section, the Kuler equation becomes 


H = -Vu)) 
q 


and 


dH We, 
= (Ver — Vod + —— — — }.... [29 
dr q q dr dr 


By substituting the last expression into Equation [28], it is 
seen that 


w (Vr. Vo) + wr Vuz Vien 
q dr \g dr 


gr 
Ve, Ve 
(wr + (wr - v2) = = (wr — Ve = () 
r dr dr 
Vus We Vu 
dr r dr r 
130 | 


This equation describes the condition for equilibrium between 
the centrifugal forees and the pressures in axial-flow machinery, 
under the restriction that the equilibrium must be satisfied on 
one side of the runner (see Equations [23] and [24]). 

For constant angular momentum at the inlet 


Vuir = const 


Consequently 


d(Vur) = 90 


Ve 

r——+Vu=0 
dr 

dr r 


With the exception of the fictitious case mentioned previous!) 
it can be said that 
— Vue = 0 
Substitution of Equation [31] into Equation [30] therefore lead- 
to the relation 
dr r 
By subtracting Equation [31] from Equation [32], it is seen the! 


Ven) 


dr r 


Voz — Vu =0 


dAV AV 
dr r 
so that by integration : 
loge AVy + loge r = const 


AVy r = const 
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Consequently 


H = const 

It is thus clear that under the assumption of cylindrical flow 
and for constant angular momentum (including the case of zero 
rotation) at the inlet or discharge side of the runner, the equilib- 
rium of pressure differences and centrifugal forees demands a 
constant value of the pump head. 
. In view of this result and the previously mentioned difficulties 
connected with the assumption of constant through-flow velocity 
but differing pump heads for the various flow surfaces, the author 
has investigated the calculation of the pump performance on the 
basis of a constant pump head for all cylindrical stream surfaces. 
This approach may be characterized by using horizontal sections 
through the bundle of local head vs. through-flow curves in Fig. 7. 
It is seen that for all capacities away from the design point, the 
through-flow velocity Vj. will vary appreciably over the runner 
cross section. This fact has already 
Pfleiderer (4) and Spannhake (5). 

The resulting head-capacity curves are obtained by an integra- 
tion of the through flow with a constant head for the entire 


cross section of the runner 


OD 
Q = = J (r?) 
hub hub 


been pointed out by 


(33 | 


and may therefore be obtained as the area under the curve of 
V, plotted against r?. 
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In order to establish the total head-capacity curve, this process 
is carried out for two different head values, as shown in Fig. 10.4 
For practical reasons of integration, the larger head value is 
selected as the head produced at the hub at V, = 0; the smaller 
Value is chosen as zero head. Through the two points obtained 
in this manner can be drawn the ideal straight-line characteristic 
The fact that straight-line characteristics for 
the individual impeller sections lead to a straight-line charac- 
teristic for the impeller as a whole can be proved by considering 
that the local changes in V, for a constant change in head are 
the same for every point along the local head vs. through-flow 
curves. Consequently, the average change in V, for a given 
change in head is constant along the average head-capacity curve, 


of the machine. 


_‘ This represents a three-dimensional plot whose co-ordinates are 
V./U, the head at any particular cylindrical section, and the radius 
squared, 
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since it may be obtained by integration of the local changes in 
plotted against r?. 

The method described here encounters serious difficulties in 
the case of horizontal or rising-head vs. through-flow curves 
for the individual flow sections. Such a rising curve is obtained 
with conventional vane design only with a strong prerotation 
of the fluid against the runner motion. 
from Fig. 6 that, if the inlet-flow angle @ becomes larger than the 
angle 90 deg 
increasing V,. 


It may be concluded 


8, then AV, increases instead of decreasing with 
Such a condition would presumably occur near 
‘the hub, where U is a minimum and, according to the momentum 
law, Vey is a maximum. 
vs. through-flow curve is falling, and near the hub it ts rising, 


If in the outer sections the local head 


somewhere there exists a radius r., at which the curve is hori- 
The difficulty of solution is connected with the fact 
that for all head values which differ from that of this horizontal 
curve, the through-flow velocity V. at that radius becomes 
infinite. 
fore involves an integration over a region of infinite values, as 
shown, for instance, for zero head in Fig. 11. 


zontal. 


The determination of the average value of Vy there- 


In many cases, 
such an integration is theoretically quite possible because of the 
cancellation of the positive and negative areas. But the result 
has no physical meaning, since the actual through-flow curve in 
this range cannot be even approximated by the theoretical curve. 

The only possibility of practical calculations consists of as- 
suming for the region inside of an arbitrarily chosen radius r,. 
greater than r., an average through-flow velocity. 
of r, relative to r., must be considered as an empirical coefficient, 


The location 


to be determined by comparison with test results. Reasonable 


results have been obtained by giving to the ratio (7.2 r.*)/rop? 


values in the vicinity of 0.06; but the data available are as yet 
The average velocity assumed in the region inside 


insufficient. 
of r, is the average velocity obtained by integrating over the 
region outside of r,. 

It is preferable to carry out the determination of the average 
V, value for /7 = Oand // = H,.., as shown in Fig. 11; the latter 
being the only value for which the V, integration can be carried 
out with finite values of V, over the entire impeller area. 

There exists another difficulty in connection with prerotation 
(fluid rotation at the inlet side) with or against the direction of 
the runner motion. Unless the fluid is guided by vanes up to 
the immediate vicinity of the runner, the distribution of the 
peripheral velocity of the fluid must be derived by theoretical 
means, for instance, by the law of constant angular momentum. 
The axial velocity component, on the other hand, is determined 
by the runner action and its distribution is assumed to vary for 
different capacities. The ratio between the peripheral and axial 
components of the inlet velocity Vy and, therefore, the direction @ 


: 
Soy 
ton 
A 
= 
—4 \ 
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of this velocity must, consequently, be different for different 
operating conditions. 

Since the theoretical determination of the runner action 
requires a knowledge of the direction of the incoming flow, it is 
necessary to determine first the direction @ of Vi, under the 
assumption of a uniform distribution of V,, and to assume that 
this direction is constant for all operating conditions. The error 
introduced thereby is not serious in the vicinity of the point of 
normal operation, where V, does not vary a great deal over the 
cross section of the runner. Under other operating conditions, 
however, it becomes necessary to approach the final result by a 
method of iteration. In this case, the velocity distribution ob- 
tained under the assumption of a constant value of @ constitutes 
the first approximation and can be used to determine the varia- 
tions of @ under the assumption that Vu; satisfies the law of: 
constant angular momentum. The 6 values, thus determined, 
will lead to a new distribution of V,, which forms the second 
approximation. Sometimes, however, this process does not 
converge. In this case it is necessary to estimate the 6 value to 
be somewhere between the first and second approximations, and 
to check whether the estimated @ value is reasonably consistent 
with the resulting V, values. 

In concluding this part of the discussion, it must be noted that 
the two methods of building up the total head-capacity curve 
do not yield the same results. It can be seen in Fig. 10, that the 
plane surface, ABCD, represents the average head-capacity 
curve, according to the method which consists of averaging the 
through-flow. In the uppermost horizontal section shown, 
the negative area AEF must, under this assumption, equal the 
positive area DFG. Since the local head vs. through-ilow curves 
are not parallel, so that, for instance, the ratio AE/AJ is not equal 
to the ratio DG/DI, it follows that the area A/F cannot cancel 
out against the area FDI. Consequently, if the line AFD 
represents the average of the V, values, it cannot at the same time 
represent the average of the head values. Merely for simplicity 
of representation, this is shown in the diagram for the shutoff 
head; but it could have been demonstrated in the same manner 
for any other point of the resulting head-capacity curve. 


Fig. 12 


INFLUENCE OF VANE DraG 
Since the influence of the friction or vane drag was omitted 
from the preceding considerations, it is now necessary to express 
this influence in such a manner that it can be calculated sepa- 
rately as a correction factor. This is made possible by the use 
of Prandtl’s ‘6) equation for the efficiency of propellers. With 
reference to Fig. 12, it is seen that the peripheral force is 


Without friction drag = Lsin 

With friction drag Fury = Lsin 8, + Dcos B, 
The torque increase due to friction is therefore expressed by the 
ratio 
My Fur Lsin 8, + Dcos 
Po Lsin Bo 


C 
=1+— cot 6o....[34] 
Cy 
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where D/L has been replaced by the corresponding ratio Cp/C,. 
The corresponding relations for the axial force or thrust of the 
runner are 


Without friction drag Fao = L cos Bao 


With friction drag Fup = L cos Bo — Dsin B, 
The reduction of the thrust under the influence of friction is 
expressed by the ratio 


F L cos D i @ 
Fao L cos Bx Cr 


Equation [34] is of course equally applicable to pumps or pro- 
pellers, while the thrust correction expressed by Equation (35) is 
of direct significance only for propellers. However, it can be used 
for pumps if the calculations on the influence of friction are 
limited to the static head or pressure increase produced by the run- 
ner. This is a reasonable assumption, since in an axial-flow 
runner the static head is by far the larger part of the total head. 
In addition, it can be shown that the effect of friction on the 
velocity head consists of an increase in the peripheral component 
of the fluid velocity, which is not likely to be converted efficiently 
into useful static pressure. Near the impeller the increase in 
peripheral momentum is represented by a rather abrupt irregu- 
larity in the velocity distribution in the wake of the vanes; and 
it is only at a great distance away from the impeller that this 
change in momentum will affect the whole flow. Then, too, at 
least for the case of a vane diffuser, it is not reasonable to expect 
a very high efficiency in the recovery of the peripheral component 
of the flow. The approximation proposed here may actually 
prove to be better than the relation which would take into account 
the change in the velocity head. 

Disregarding in first approximation the lack of uniformity of 
the discharge velocity v2, the axial momentums of the flow entering 
and leaving the runner are presumed to be equal, as in the case 
of frictionless flow. Then, since there is no momentum force act- 
ing in the axial direction, the axial component of the force 
action is given by the pressure difference across the vane system, 
in the form 


and, consequently 
Apr 
Fao APo 


It should be noted that the actual pressure increase will ap- 
proach this value of App as ore goes sufficiently far away from 
the discharge of the impeller, since the static pressure will ap- 
proach the value assumed as the velocity distribution becomes 
more uniform. 

Since the absolute velocity does not change very much in axial- 
flow runners, it is permissible to use the approximation 


A H ( 
L 


Hy 


expressing the head decrease due to friction. This head ratio is 
obviously the theoretical approximation of the familiar “hydraulic 
efficiency” », of the runner vanes alone. 

Equations [34] and [38] permit the correction of the torque 
and the head to account for the effect of friction drag; on the 
other hand, they permit the calculation of the ratio Cp/C,1 from 
the test and theoretical results of existing pumps. 
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According to the foregoing relations, the efficiency - of the 
runner is 


y= 


which is the well-known Prandtl formula for propeller efficiencies. 

No complicated calculations are justified for obtaining a better 
approximation for the influence of friction in pump runners, 
since the flow conditions, in particular the boundary conditions, 
are different from those in the wind tunnel. For example, the 
existence of a radial motion of the boundary layer has been 
demonstrated by Weske (7). The motion is likely to have a 
significant effeet on the drag coefficient of the vane section con- 
sidered. Values of Cp/C, obtained in the wind tunnel can at 
best be considered as a very crude approximation for the condi- 
tions in the runner. If, on the other hand, the ratio Cp/Cy is 
determined by means of Equations [34] and [38] from pump test 
data and theoretical analyses giving H» and Wo, then these equa- 
tions become part of the definition of Cp/C,, thus determined. 
This condition eliminates to a large extent the approximate 
character of the equations derived here. 

Since accurate calculations on friction do not seem possible, 
one is also justified in applying Equations [34], [35], and [39] to 
only one cylindrical stream surface of average radius, where 


EFFICIENCY, 


HEAD, 


Yop? ave? — Thub? 


CAPACITY ——= 
Top? + Thub* 
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hence Tave? = 


and in applying the results containing Hp/Ho, Mp/Mo, and n to 
the runner as a whole. 

If there is reason to consider the velocity head due to friction, 
its effect can be expressed by a correction coefficient in Equation 
[38], in the form 


Hp 


On, 8 
Hy 


where, according to the theoretical consideration of the mo- 
mentum relations involved 


MEAD, EF FICIENC 


AVy C 
Vur + 


Kp = 1 — cot? Bao 


T 


THEORETICAL HEAD 
It is seen that this coefficient can theoretically become negative, 


which means that the increase in velocity head due to friction 
outweighs the reduction in static head, as expressed by the @ THROUGH FLOW INTEGRATION 
Prandtl formula. FIRST APPROXIMATION 


(2) THROUGH FLOW INTEGRATION 
ComPARISON BETWEEN THEORY AND Test RESULTS IMPROVEO BY /TERATION 


@) HEAD INTEGRATION 


4 


The theoretical approach discussed here has been compared 
with a large number of test results. The runners used for the 
comparison included three widely differing vane shapes with a 
varying number of vanes, as well as modifications of the vane 
Steepness. Fig. 13 shows a typical comparison. The essential 
result is represented by the difference A between the ratio H/Hw 
and the measured efficiency ». Part of the difference between 
the actual head H and the theoretical head Hm may of course be 
explained by the head losses in the machine. The ratio //Hw 
would be the efficiency if these losses were the only losses in the 
machine and if the theory were to represent the flow conditions 
(without losses) exactly. The actual efficiency », on the other 
and, expresses the head losses in addition to the leakage losses 


F 
H 
0 
M 1 
0 = - € 
D 
Cy ta 
, 
L ot 
@ ES 
\ 
] 
\ 
| — L_| | | 
' 
— i} 
om 
NC 
- 
— 
3 
| 


462 TRANSACTIONS 


and that part of the shaft torque which is not converted into 
hydraulic head. The difference 4 between the ratio of actual 
head to theoretical head and the efficiency, conséquently, de- 
scribes those losses which are not head losses, i.e., those losses 
which are primarily due to an increase in torque beyond what is 
really used for pumping. Shortcomings of the theory are also 
reflected in the value of A. Under the assumption that the 
losses, other than head losses, do not vary a great deal, it appears 
justified to judge the consistency of the theory by the consistency 
of the A curves. 

The variations in the A curves constitute a confirmation of the 
theory, to the extent that these variations are in- percentage 
smaller than the theoretical variations of the lattice-effeet 
coefficient A used in the derivation. The agreement becomes 
progressively poorer with rotation at the inlet side of the runner, 
in particular with negative prerotation, where singular velocity 
conditions are encountered near the hub. Where there is pre- 
rotation, successive improvements of the agreement are obtained 
by the process of iteration previously discussed, This relation 
is demonstrated in Fig. 14, which shows the comparison between 
test results and the first and second approximations based on 
the integration of the through-flow, as well as the theoretical line 
obtained by integrating the head. The difference between these 
approaches is clearly expressed by the form of the resulting 
A curves. 

The case represented in Fig. 14 appears to confirm the method 
of through-flow integration rather than that of head integration, 
particularly because of the negative A values obtained by using 
the latter method, indicating imperfections of the theory. This 
conclusion, however, is in no way final. In the first place, the 
A curves obtained by the through-flow integration are not 
always as consistent as those obtained in this case. As a matter 
of fact, the comparison of the over-all performance, Fig. 14, 
showed a marked contrast to the comparison between the theo- 
retical velocity distribution and that obtained by Pitot-tube 
measurements of the same runner, as shown in Fig. 15. Here the 
change in the peripheral velocity AV, is shown for the two 
methods discussed, and compared with test results. It is seen 
that the actual velocity distribution approaches the theoretical 
eurve obtained under the assumption of constant through-flow 
distribution and, consequently, different head values for the 
different cylindrical stream surfaces. This result, in contrast to 
the previously mentioned comparison of the over-all perform- 
ance, Was the basis for the earlier statement that in at least one 
case the measured velocity distribution confirmed the assumption 
of different local head values, but that the resulting head does not 
confirm the method of integration expressed by Equation [21]. 

It must be noted that comparisons between theoretical and 
actual velocity distributions do not always have the charac- 
teristics shown in Fig. 15. For instance, in Fig. 16 are shown 
corresponding results obtained with a different runner. Here the 
comparison between test results and theoretical results, derived 
under the assumption of constant head for all stream surfaces, 
is carried out for two different pump-head values. In this case, 
the agreement is close, with the exception of the outermost stream 
surface, where the test value of AVy abruptly increases to a 
higher value than the theoretical value. This section is quite 
close to the outer periphery, and the discrepancy may be caused 
by the end conditions of the vanes, for instance, the influence of 
friction on the casing walls, or the radial motion of the boundary 
layer. 

It is of considerable interest that the differences between the 
theoretical discharge velocities and those actually observed by 
pitot-tube measurements are reasonably well in line with the 
theoretical direction of the relative flow of the particular vane 
section considered. In other words, present results seem to 
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indicate that the individual cylindrical stream surfaces actually 
operate very close to their theoretical head vs. through-tlow 
characteristics. The discrepancy between the theory and test 
results appears to be connected mainly with the combination 0! 
the action of the individual flow sections into the performance 0! 
the pump as a whole. This situation seems to be in complet: 
agreement with the fact that the flow of a frictionless fluid 
through the individual cylindrical sections can be handled 
theoretically in a rather conclusive manner, while the theoretical 
problem of combining these characteristics into the three- 
dimensional flow picture of the machine as a whole presents 
considerable difficulties. 
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Discussion 


W. HL. Cueren Having checked the equations given in this 
paper, the writer finds that they seem to be mathematically 
correct, It may be of interest to those not familiar with F. 
Weinig’s booklet® to have equations from which the lattice- 
effect coefficient A, as given in curve form (Fig. 5 of the paper) 
can be calculated. First calculate from the formula 


] 
tan = cot 
R? + 1 
where R can be considered as an arbitrary parameter greater than 
unity (radius to some point outside the unit circle). Next caleu- 
late | t by means of the following formula 


(rR? 4 1) 2R COS 


+ 1) — con 
2K sin asT 
+2-c¢os 3° tan! 


using the same values of 7? assumed for the first formula given. 
Finally A is ealeulated from the formula 


2 2k 
| l 


Rt + 1 


COS 


sin 


Ko 


using the assumed values of R and the values of ¢ / calculated 
irom the preceding formula. 


« 


2 
For 8 =Odeg K =--:t/l- tan ( 
> 


For 8B = 9 deg A -t/l- tanh ( 
2 


Assuming R values of 1.01, 1.1, 1.2, 1.5, 1.8, 2, 2.2, 2.5, and 5 
cover the range of K values shown on the curves, Fig. 5. 
These ealeulations are repeated for various values of 8, then 
values of K plotted against ¢/l for constant values of 8. 

It is interesting to compare the values of A, as given by 
Weinig with those of K, or K, given by F. Numachi. For 6 = 
% deg there is almost perfect coincidence. For 3 = 45 deg at t/l 
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= 0.5 and 2.5 there is good agreement but at ¢/1 = 1.0, Numachi 
is 9 per cent higher than Weinig. For 8 = 30 deg again there is 
agreement at the extreme points but at ¢/l = 1, Numachi is 27 
per cent higher than Weinig. For values of 38 below 30 deg at ¢// 
= 1, there seem to be even greater differences. It is probable 
that Weinig’s values are the more reliable, however. 


R. G. Fotsom.? This paper presents some new approaches to 
specific theoretical design problems in connection with propeller 
or axial-flow pumps. When using the airfoil theory, one must 
remember that the airfoil characteristics are based on experi- 
mental investigations of a single airfoil in a uniform fluid stream 
without pressure gradient. In an axial-flow pump or turbine, 
the blade design may be based primarily on these single airfoil 
characteristics, but several correction factors must be applied 
so that the theoretical design will predict accurately the final 
machine performance. These corrections are made for the fol- 
lowing: ‘ 

(a) Mutual interference of blades. 

(b) Pressure gradient through runner and guide vanes. 

(c) Velocity distribution before the propeller. 

(d) Velocity distribution after the propeller and guide vanes. 

(e) Curvature and change in section radially along the blade. 


Although the author has presented material on these correc- 
tion factors, much work remains to be done on all of them. For 
example, the results of the use of the author’s ingenious method 
of averaging heads (item d of corrections) to obtain the head- 
capacity performance indicates that additional fundamental 
work must be accomplished before energy transfers during 
passage of water through «a pump are clearly understood. 

It should be noted that Equation [2] of the paper is for very 
thin airfoils only. This limitation is not important as experiments 
have shown that the characteristics of all useful airfoils can be 
expressed as 


where C is a constant. Substitution of this relationship for 
Equation [2] would generalize the results of the analysis. 

The performance of axial-flow machines is very sensitive to 
blade shapes and angles. Thus in reporting experiments of the 
type covered by the paper, it is desirable to indicate what meas- 
urements were made to ascertain the correspondence between 
actual pump elements and design drawings. 

Recent University of California velocity-distribution meas- 
urements made at sections just downstream from a_propeller- 
guide vane combination show the author to be correct in raising 
the question regarding ‘‘the amount of guidance assumed to be 
exerted by the vanes.”” The deflection of the flow at the trailing 
edges of the stationary guide vanes appears to be less than the 
amount predicted by the airfoil theory with simple mutual inter- 
ference corrections. 


R. Lowy.s The author should be commended for attempting 
to correlate the one- and two-dimensional theories of axial pumps 
with the results of practical tests. Such studies are to be greatly 
appreciated, because it is essential to examine how the current 
theories correspond with the practical tests. 

It cannot, however, be overlooked that all theories are based 
on certain fundamentals, and that it is not sufficient to rectify 
the theory in consequence of practical tests, if an inaccurate 
stipulation of fundamentals renders a theory inadequate. 


7 Associate Professor of Mechanical Engineering, University of 
California, Berkeley, Calif. Mem. A.S.M.E. 

5’ Engineer, Baldwin Locomotive Works, Eddystone, Pa. Mem. 
A.S.M.E. 
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The author presents the principles of the one-dimensional and 
the two-dimensional theories: The one-dimensional theory pre- 
sumes that all filaments on a cylindrical surface are identical; 
the two-dimensional theory consists of the conception of flow 
through a lattice of vanes corresponding to the development of 
cross sections on cylindrical surfaces. In both cases the cross 
sections on all cylindrical surfaces are hypothetically independent 
of each other. ‘ 

Starting with these theories, the author evaluates the axial 
velocity at the outlet of the wheel and finds a more or less con- 
siderable difference with the practical measurements. The reason 
for this condition lies in the assumed independence of the cross 
section which actually causes the discrepancy. 

Among the different facts which can be given in this connec- 
tion to explain these circumstances, the following two should be 
considered in detail. 

1 The wheel is not completely defined through independent 
cylindrical cross sections. An infinite number of wheels exist, 
all showing the same kind of cylindrical cross sections, and dif- 
fering in their relative positions. It is obvious that numerous 
vanes can be constructed corresponding to the same cylindrical 
cross sections. The calculation is now based only on the cross 
sections; therefore one calculation would be applicable to an 
infinite number of vanes. Actually the characteristics and the 
efficiencies for different vane forms are not identical, and the dis- 
tribution of the axial velocities is.influenced essentially by the 
relative position of the cross section. 

These circumstances are analogous to the case of pumps with 
medium specific speed (axial-radial impellers), whose outlet edge is 
arranged on a cylindrical surface. For instance, an improvement 
in efficiency can be obtained if the outlet edge is put on a helix 
instead of on a straight line. The independence of the cross sec- 
tions, as used in the customary theory of axial-flow pumps, is 
therefore absolutely inadequate. 

2 In general, it is presumed that pumps have a pure axial in- 
flow, but it is also known that there exists a prerotation. Pro- 
fessor Hancock of the University of Liege made extensive studies 
concerning the prerotation and found that it attained a distance 
6 to 7 times that of the wheel inlet diameter. The prerotation 
fundamentally influences the flow through the pump and also 
in a certain sense causes a mutual dependence on the vane cross 
sections. 

All these circumstances show clearly that the customary one- 
and two-dimensional theory is not sufficient to explain the axial 
velocity distribution on an axial-pump wheel. By introducing 
such dependence, we are in the field of three-dimensional evalua- 
tion, in which sphere such considerations truly belong. 

Considering these circumstances in the interpretation of the 
results obtained, the paper will be valuable for further investiga- 
tion of axial pumps. 


L. F. Moopy.® One of the most valuable features of this paper 
is the correlation it establishes between the one-dimensional 
analysis based on the Euler principle, and the two-dimensional 
airfoil method. In starting with the Euler principle the author is 
on firm ground. The Euler equation represents merely a 
balance of moments of forces derived from the momentum princi- 
ple and Newton’s second law. It is as unassailable as the balance 
of forces on a free body in equilibrium. 

It is most unfortunate that fallacious arguments inconsistent 
with this principle, such as those Scherzer advanced some years 
ago,’ continue to reappear and to becloud the picture. The dif- 


* Professor of Hydraulic Engineering, Princeton University, 
Princeton, N. J. Fellow A.S.M.E. 

10 **A New Theory for the Centrifugal Pump,” by A. F. Scherzer, 
Trans. A.S.C.E., vol. 93, 1929, pp. 1-29. 
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ficulties encountered in the use of the Euler principle are mainly 
due, in the writer’s view, merely to its misapplication. It is 
naturally necessary to apply it to actual flow velocities; and not 
to assumed velocities coinciding with the vane directions, pre- 
supposing an infinite number of impeller yanes, and neglecting 
the two-dimensional effects of variations of flow from one vane 
to the next. 

Another method of formulating the correlation between airfoil 
theory and the Euler principle was that proposed for turbines 
by the late Professor Thoma,'! who expressed the relation in the 
form that the sum of the circulations around the individual blades 
is equal to the difference between the circulations of the whole 
flow in the entrance and discharge spaces. 

That the author’s airfoil method of treatment, leading to a 
somewhat elaborate theoretical structure, can be shown to be 
reducible to the Euler relation is satisfying evidence that it meets 
the test of theoretical consistency. The comparison with actual 
experimental results is a still more valuable test of its practical 
value. 

The author’s simplification of the airfoil theory by the introduc- 
tion of the sine law for the lift coefficient is a useful step, which 
leads to workable relations in fairly simple form in a field of much 
complexity. He clearly states his other simplifying assumptions 
such as the treatment of the flow as in parallel cylinders, to pro- 
vide a reasonable starting point. The use of constant pumping 
head for the various subdivisions of the flow, rather than constant 
meridian velocity, seems a reasonable basis of procedure, leading 
to sufficiently simple relations. In developing a theoretic struc- 
ture including coefficients to be determined by experiment, the 
writer has a strong predilection, in a field as complicated as this, 
for the simplest possible theoretic relations, with refinements and 
limitations to be dictated by tests; and he is inclined to favor 
those preliminary assumptions which lead to the simplest rela- 
tions, provided they are reasonable and consistent—a pragmatic 
point of view. 

To give some idea of the complexity of the flow problem in such 
machines as this, the writer might point out that use is made 
either expressly or implicitly of the relations for theoretical po- 
tential flow. This is almost unavoidable in the first steps of such 
an analysis. Thus the flow between the impeller blades is here 
treated as ‘‘irrotational” (fifth paragraph) and Weinig’s theory for 
the A curves, Fig. 5 of the paper, is based on such flow. 

A difficulty which plagues the hydraulic engineer in attempting 
to analyze the flow through passages even of simple form is the 
limitation inherent in the use of potential field theories involving 
the irrotational flow of that mathematical abstraction and physi- 
cal paradox, the ‘‘ideal fluid.” It is the viscous forces in a fluid 
which tend to stabilize it in ‘‘stream-line’”’ flow. When these 
forces are ovérpowered by inertia forces, as in the majority of en- 
gineering problems, the flow is inherently unstable and turbulent, 
so that the less the viscous forces, and the more the fluid ap- 
proaches the ‘‘ideal,”’ the less does it conform to the streamlines 
of the mathematical theory. The most we can say is that, while 
the flow is essentially unsteady, the time-average velocities may 
approximate the theoretic behavior. 

A factor of primary importance, however, is one which is not 
sufficiently emphasized in some fluid-mechanics textbooks, 
namely, separation. The flow lines cannot be arbitrarily assumed 
to follow the wall contours of a hydraulic passage. With converg- 
ing flow, increasing velocity, and gradual curvature they will 
usually do so; but, in an elbow or diverging tube, the flow forms 


11 ‘Neuere Anschauungen tiber die Hydrodynamik der Wasser- 
turbine,” by D. Thoma, in ‘‘Vortriige aus dem Gebiete der Hydround 
Aerodynamik,”’ by Th. von K4rm4n and Levi Civita, Julius Springer, 
1924, p. 240. See also, ‘‘Hauptstrémung und Ringwirbel,” by M 
Schilhansl, in ‘‘Hydraulische Probleme,”’ V.D.I. Verlag, 1926, p-. 7": 
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its own boundary which ‘‘separates”’ from the walls leaving cir- 
culating or eddying flow, or even backward flow, between. 

The foregoing note is not intended as a criticism of the paper, 
the author of which is as aware of the problem as the writer. It 
is mentioned merely as a reminder to those applying similar 
methods to other problems. It has this specific application, how- 
ever. In treating the flow in the impeller passages as irrota- 
tional, an approximation is involved. This flow actually occurs 
between somewhat diverging and curving walls, and is decelerat- 
ing, as in a diffuser or draft tube, with tendencies toward turbu- 
lence and even separation, which are intensified under partial- 
capacity operation. The treatment should therefore be recog- 
nized as an approximation which is probably satisfactory so long 
as experimentally determined coefficients can be applied. 

It will probably occur to some readers that the method of the 
paper should be applicable to propeller-type hydraulic turbines. 
This extension may require rather laborious study since the condi- 
tions are even more complex than in the pump. 

The discrepancies noted in the last section of the paper between 
the theoretic velocity distribution and that observed by Pitot 
tube may be intensified with increased residual whirl in the tur- 
bine, as required by optimum conditions, as compared to the 
small or zero prewhirl more usual in a pump. <A more difficult 
complication, however, is introduced by the turning of the enter- 
ing flow from radial to axial, mostly in the transition space, and 
this requires not two-dimensional, but three-dimensional treat- 
ment. 

With symmetrical or ‘‘spreading”’ types of draft tubes, the 
draft-tube subdivision of the turbine can be simply cared for at 
or near normal gate operation on the basis of free vortex flow; 
but this element of the problem is confused when the usual elbow 
draft tubes areeused. The writer is not too optimistic of an early 
solution of the turbine problem; but by judiciously neglecting 
variables of minor effect and adopting reasonable simplifying 
assumptions some useful advances may be developed. 

In conclusion, it is believed that the author has made a definite 
advance in the simplification of the ‘‘airfoil” or two-dimensional 
theory and its application to the propeller pump; and that his 
method meets the tests of both internal consistency and good 
agreement with the results of experiment. The theoretic and 
actual performances, compared in Fig. 13 of the paper, show 
striking consistency in the region of normal discharge; and to 
anyone experienced in hydraulic experimentation the agreement 
is unexpectedly good. 


Ii. E. Sueets.!2 The author has solved the problem of pre- 
dicting the characteristics of an axial-flow machine. The pro- 
posed method has the advantage of simplicity. However, it 
might be of advantage to analyze the accuracy of some of the 
assumptions in order to predict the accuracy with which the pro- 
posed method may be applied to individual cases. 

Equation [2] of the paper gives the lift coefficient of an indi- 
vidual airfoil as a function of sin a, a being the angle of attack 
from the direction of zero lift. This equation is a good assumption 
when @ approaches zero. For good accuracy, this equation 
should be limited to small values of a. For the larger values of 
a, above 12 deg, the lift coefficient of this equation becomes too 
high. The maximum of this function is at a = 90 deg, whereas 
the maximum lift of the actual airfoil is of considerably smaller 
values of a. Perhaps Equation [2] could be replaced by a 
Fourier series, the first member of which is Equation [2], having 
also a constant factor so that the maximum lift of airfoil used 
and the maximum of the function have the same values. It 
Should be pointed out that the author uses the lift-coefficient 


'? Research Engineer, Elliott Company, Jeannette, Pa. 
A.S.M.E. 
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function in Equation [16] for zero capacity, i.e., where the lift 
coefficient has its largest values and a = 8. Therefore, only for 
grids having 8 equal to or smaller than 12 deg is Equation [16] 
sufficiently accurate. These grids are rarely encountered in prac- 
tice. 

The lift coefficient of the impeller is given in Equation [7], which 
is derived from Equation [2] by multiplying with the ‘“‘lattice- 
effect. coefficient” K. Coefficient K is derived by replacing the 
impeller vanes with a system of straight and parallel vanes related 
to the actual vanes system, as shown in Figs. 1 and 2 of the 
paper. These two figures show the method of determining the 
line for zero lift. The use of this factor K has been thoroughly 
discussed in a paper by Y. Shimoyama,!* who made a large num- 
ber of tests on the subject in the range of small 8 up to 27/2 deg. 
From his paper, it is evident that the theoretical results obtained 
for a row of flat plates cannot be used directly for a row of airfoils 
with some thickness and camber. It may be used only if the line 
of zero lift is determined with sufficient accuracy. These facts 
have been taken from test data published in Shimoyama’s paper. 

Therefore, it may be suggested that the author’s simple meth- 
ods of determining the zero-lift line, as shown in Figs. 1 and 2, 
may be replaced by a more accurate method given in Shimoy- 
ama’s paper. It shall be noted that the influence of the thickness 
of an airfoil is such that there is a different zero-lift line, depend- 
ing on whether the airfoil cascade operates in accelerated flow 
or decelerated flow. This method of calculation should be used 
only from zero lift to the stalling point of the blades. At zero 
capacity, there exists secondary flow from the hub to the tip of 
the blades creating pressure by centrifugal action. Then the flow 
in the impeller is three-dimensional and cannot be calculated ac- 
curately with the two-dimensional theory. 

This discussion has been given in order to show how the au- 
thor’s basic method may be modified when higher accuracy is 
required. 


A. J. Srepanorr.'* The author’s presentation of the airfoil 
theory of axial-flow pumps differs in several respects from that of 
several previous publications: (a) The author uses the zero-lift 
line of the vane rather than chord as a reference line for angles of 
attack. This simplifies the theoretical formulas for the lift coef- 
ficient. (6) He treats the discharge end of the vane separately 
from the suction end, thus leading to the design of the vane in- 
stead of a selection from the available airfoil wind-tunnel-tested 
profiles. This removes one of the objections to the airfoil theory. 
The most complete collection of the airfoil data by N.A.C.A. is 
limited to cambers of 0, 2, 4, and 6 per cent, while in practice 
intermediate and higher cambers are in use. (c) The author does 
not try to supersede the classical Euler’s theory but attempts to 
establish a common ground between the Euler and airfoil theories. 
(d) This paper presents difficulties and inconsistencies of the air- 
foil theory, also gives examples of disagreement of the tests with 
the assumed pattern of flow, thus leaving room for opinions and 
pattern flow different from his own. 

Pumps have been designed with good success in a continuous 
series of specific speeds from very low centrifugals up to the 
straight propeller pumps. The theoretical reasoning, mental 
pattern of flow, and design method should be continuous for 
pumps of all specific speeds within the range mentioned. The 
airfoil theory of axial-flow pumps is handicapped by the fact that 
it becomes less accurate for lower-specific-speed propeller pumps, 
and fails entirely for mixed-flow and centrifugal impellers. 


13 “Experiments on Rows of Aerofoils for Retarded Flow,”’ by Y. 
Shimoyama, Trans. Society of Mechanical Engineers of Japan, vol. 
3, Nov., 1937, pp. 334-344. 

14 Development Engineer, Ingersoll-Rand Company, Phillipsburg, 
N. J. Mem. A.S.M.E. 
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The object of the airfoil theory is to establish the shape of the 
impeller-vane profile and the chord-spacing ratio. A number of 
vital design elements have to be determined experimentally 
to complete the design of an impeller. Among these are: (a) 
Selection of a proper specific speed; (b) impeller diameter; — (c) 
axial velocity; (d) hub ratio; (e) number of vanes for a given 
chord-spacing ratio. All of these design elements, expressed as 
dimensionless ratios, form a continuous function of specifie speed. 
The progress in theory of centrifugal and axial-flow pumps was 
much slower than the development of actual designs. As a result, 
designers had to adopt some ‘geometrical’ method of arriving at 
impeller-vane profiles according to their assumed mental pattern 
of flow. These too had to be continuous for all pumps, centrifugal, 
mixed, and axial flow. 

As a prerequisite of the condition that there should be no cross- 
flows from one stream cylinder to another, the author, like all 
previous investigators, assumes that 


which is the same as 


or that equal heads are produced at all radii. The flow pattern 
represented by Equation [41] of this discussion is known as a 
“free vortex.”” The tangential velocity at discharge from the 
impeller AVu increases toward the hub inversely as the radius, 
resulting in the absolute discharge flow revolving at higher an- 
gular velocity at the hub than at the periphery. <A similar pat- 
tern of flow is assumed at the impeller suction. With an impeller 
revolving at constant speed between these two regions, such a 
pattern of flow is difficult to visualize. 

The author points out that the condition represented by Equa- 
tion [42] of this discussion can be fulfilled only at the design point. 
This equation is impossible to satisfy at capacities below or above 
the normal. Moreover, even at the best efficiency poipt, Equa- 
tion [42] holds for one vane setting only. If the vane is turned a 
few degrees, velocity triangles representing Equation [42] are 
destroyed, although actual efficiency and head remain unchanged. 
Finally, at partial capacities, the condition represented by Equa- 
tion [42] leads to an absurdity, as partial-capacity conditions are 
soon reached where the actual head is higher than the maximum 
possible theoretical head at the hub (Fig. 17 of this discussion). 


INLET 


All these drawbacks are eliminated in a pattern of flow repre- 

sented by 

AV. 
- = w’ = const for all radil.......... 44 
This is known as a ‘‘forced vortex’’® and is free from crossflow 
from one stream cylinder to the other." 

The flow leaves the impeller with a constant absolute angula: 
velocity w’. The same regime prevails at all capacities, w’ in- 
creasing as capacity decreases, reaching the impeller speed st 
zero capacity. Zero head and zero capacity are reached by al! 
stream cylinders at the same time (Fig. 19 of this discussion). 
The forced-vortex pattern of flow is realized with impellers having 
vanes of constant pitch for all radii, the pitch increasing from en- 
trance to discharge, Figs. 18 and 19, The increasing vane angle 
is necessary to produce “‘impelling action” on the water, as no 
power can be applied to the water if its axial velocity is exactly 
equal to the pitch of the vane-screw surface. This type of flow 
pattern requires a constant axial velocity. With a constant-pitel 
impeller, a constant axial velocity maintained practice 
throughout a wide range of capacities. 

Evidently, in a forced-vortex pattern of flow, the uler’s head 
is lower at the hub and higher at the periphery, and the pump 
theoretical head is an integrated average over the whole ares 
swept by the impeller. This is equal to the arithmetical average 
of the heads at the hub and periphery of the impeller. Attention 
is called to the fact that, although the head at the hub is lower 
than the pump total head, this part of the impeller contributes 
continuously to the pump total integrated head. This is illus- 
trated graphically in Figs. 21 and 22 of this discussion. 

The Euler head equation can be transformed so that. the 
foreed-vortex action will be apparent. Thus, for an axial inlet 

q 29 24 
The first term in Equation [45] represents the static pressure duc 
to the absolute forced vortex at discharge, while the second is tlic 
difference in relative forced vortices at entrance and discharge. 
The axial component of flow does not appear in the foregoing cx- 


1 The flow patterns represented by Equations [41] and [44) «re 
special cases of a general flow regime Vr" = const. With different 
values of m, different flow patterns result, all of which are stable 0! 
free from crossflows, giving different pressure and angular-veloci!) 
distribution along the radius. 

16 **Hydraulies and its Applications,’’ by H. Gibson, D. Va" 
Nostrand Company, Inc., New York, N. Y., 1928, p. 101. 
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The foreed-vortex flow pattern, theoretical reasoning 
vane-lavout geometry remain when applied to mixed- 
flow or straight centrifugal pumps. Taking Euler’s equation in 
a most general form and applying the same transformations, we 
obtain the following 


H = Viel = Vals V + 
q 29 2q 
[46 
29 


This is of the same nature as Equation [45], except the third 
term is added to account for head increase due to water particles 
moving from inlet diameter to the outlet diameter. Note only 
tangential components of all velocities appear in Equation [46], 
and the radial velocities at the inlet and outlet (not equal in 
general) cancel out. All transformation of energy takes place in 
the plane of impeller rotation for both axial- and radial-flow im- 
pellers, Figs. 22 and 23 of this discussion show diagrams of total 
head for a centrifugal and axial-flow pump, expressed in terms 
o! foreed vortices, as given by Euler’s Equation [46]. 


In a general case, where some prerotation is allowed ahead of 
the impeller, the velocity triangle, Fig. 19, is changed to Fig. 
20 of this discussion. This shows that a foreed vortex is formed- 
in the impeller suction, as observed on oceasions in practice. 

The impeller-vane design method, based on this theory, has 
been in use for over 15 years by several pump and water-turbine 
designers for both axial- and mixed-flow impellers. One of the 
earliest examples on the record is that by Sehmidt.'7 His theory 
and pattern of flow the writer never has been able to understand, 
but his vane-design method, arrived at entirely in an experimental 
way, can be explained now by the foreed-vortex reasoning. 
Terry’ recently described a Kaplan water-turbine design which 
fits into the foreed-vortex pattern of flow. 

The writer has applied foreed-vortex reasoning and vane- 
layout geometry based on it to mixed-flow propeller pumps 
with very gratifying results. 

“Some Screw Propeller Experiments With Particular Reference 


to twee and Blowers,” by H. F. Sehmidt, Journal, American Society 
of Naval Engineers, vol. 40, 1928, pp. 1-26. 
‘Development of the Automatic Adjustable-Blade Type Pro- 


peller Turbine,”” by R. Terry, Trans. A.S.M.E., vol. 63, 1941, 
pp. 395-409. 
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It is interesting to note that now it is possible to bring about a 
closer agreement in the bitter and prolonged controversy aroused 
by Scherzer’ some time ago who claimed that the forced vortex is 
the only way head can be produced by a centrifugal impeller. 
He repudiated the Euler equation, and credited the impeller 


only with the head H = 3 = Equation [46] of this discussion 
g 


shows that it is possible to think of the pump head as produced by 
a forced-vortex action, but its value is still given by Euler’s equa- 
tion which shows that U;?/2g is only a portion of the total vortex. 
I-quation [46] can be written in a simpler form 


g 


where Uy = V 2gH by definition, its numerical value being equal 
to the velocity of a free jet under head //. Equation [47] repre- 
sents a foreed vortex with a peripheral velocity Uy which is 
a sum of the several vortices shown in Equation [46]. The 
velocity Uy does not exist at any part of the pump. The H on 
Fig. 23, and in Equation [47] of this discussion, is the total head 
and not astatic head. This head is split differently between static 
and kinetic for pumps of different specific speed. If discharged 
into an open vessel (no losses), it will be all static. If dis- 
charged freely into the atmosphere, it will be all kinetic, Fig. 23. 

The author takes an agreement between the predicted per- 
formance and actual test as a proof of soundness of the theoreti- 
cal reasoning and the assumed pattern of flow. The quoted ex- 
amples of Schmidt, Scherzer, and a more recent one by Pigott? 
disprove such belief. Among engineers, each theory can be 
judged on its own merit. 

The best hydraulic performance may be an indication of a 
“preferred” pattern of flow. In this connection, it would be in- 
teresting to know which of the two designs referred to in Figs. 15 
and 16 of the paper, was more efficient hydraulically? 


T. H. Troiier.*! This discussion refers to that part of the 
paper dealing with the interaction of the vane sections at various 
co-axial cylinders, and its effect on the pressure-volume charac- 
teristic. 

The designer has at his disposal an arbitrary determination of 
the lift coefficient C,; and the width 1 whose product only is given 
by the requirements to be met for one design point of a charac- 
teristic. It is possible to a certain degree to use this degree of 
freedom for the vane or blade design in such a form that a de- 
sired co-ordination of the action of various vane elements is as- 
sured over a reasonable range of working conditions. 

A derivation of such a relation is given in a paper on axial-flow 
fan design by the writer.?* 

Starting with the proposition that the circulation about the 
rotating blade should in the ideal case remain constant for all 
co-axial cross sections of the rotor at any one point of the pres- 
sure-volume point, a condition in full agreement with the au- 
thor’s description of the ideal flow through a pump, one arrives at 
the following formula for the distribution of vane widths along 
the radial extent of the vane 


~ Br 43 Cir 


2/p2? — 
os (R 1) tan Bp 


18 See L. F. Moody discussion, reference 10. 

2% “Prediction of Centrifugal Pump Performance,”’ R. J. 8. Pigott, 
paper presented at A.S.M.E. Annual Meeting, 1944, preprint no. 75. 

21 LaDel Conveyor and Manufacturing Co., New Philadelphia, 
Ohio, and Daniel Guggenheim Airship Institute, Akron, Ohio. Mem. 
A.S.M.E. 

22 “The Design of Axial-Flow Fans,” by Th. Troller, Abhandlungen 
aus dem Aerodynamischen Institut, Aachen, no. 10, 1931, pp. 43-47. 
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(The symbols are the same as used by the author. In addition: 


dey 
C,’ = —-, R = outside radius, r = any radius of the blades. 


da 
The indexes refer to the location of the section.) 

This formula is entirely practical for axial-flow fan design for 
many cases, and the fact that unconsciously the condition given 
by this formula is often met by the designer is in the opinion of 
this writer responsible for a good bit of the successful operation 
over a wide range of many axial-flow machines. 

Many designers (e.g., Ruden) prefer, for reasons beyond those 
stated in the theory presented by the author, to use shapes dif- 
ferent from that given by the formula presented here; and there 
is no question that a different reasoning for the vane design is in- 
dicated in those cases where vane friction or tip leakage as non- 
ideal inflow conditions are of importance. Nevertheless, the for- 
mula is of great practical usefulness in many design problems. 


F. L. Warrenporr.”* This paper is a weleome contribution 
to axial-flow pump or fan theory in that it gives a physical pic- 
ture of the relationship between one-dimensional theory of guided 
flow for closely spaced blades and two-dimensional theory, used 
when the blades are so widely spaced that the elements behave es- 
sentially as single airfoils. One-dimensional theory is usually en- 
ployed for ratios of blade chord to spacing greater than unity, and 
two-dimensional theory for ratios essentially less than unity. 
However, there is an increasing number of fan, pump, and com- 
pressor problems at the present time in which the spacing ratio 
varies from somewhat less than unity to somewhat greater than 
unity. For such problems as these, the present paper is a help to 
the designer. 


AvuTHOR’s CLOSURE 


The author is indebted to W. H. Church for calling attention 
to an inaccuracy in a partially graphical solution for the plotting 
of the K and the Cy diagrams. These diagrams as presented in 
the paper were recalculated according to the equations which 
Church has quoted from the book by Weinig (1). It may be of 
interest that in these equations the parameter F is, in the plane 
of conformal representation, the distance from the origin to the 
two singularities (vortex-sources) which represent the regions 
plus and minus infinity of the physical plane containing the vane 
system, The vane is represented by the unit circle; and the 
angle agr is the angular distance of the stagnation points on the 
unit circle from the real axis. 

The comments by R. G. Folsom are of particular value since 
his earlier publication on the same matter (item 2 of Bibliog- 
raphy) stimulated to a considerable extent the present investiga- 
tions of the author. The equation quoted by Folsom for the lift 
coefficient requires the determination of the constant C on theo- 
retical or experimental grounds. It was, of course, the intention 
of the present paper to avoid the complications involved in con- 
sidering the variations in C. In other respects, the equation 
quoted by Folsom is the same as Equation [2] of the paper, since 
for small values of a, the angle and its sine are proportional to 
each other. 

The author agrees with Folsom regarding the significance of an 
exact determination of the blade shapes and angles. In recogni- 
tion of this fact, the theoretical analyses reported. here were based 
entirely on the dimensions of the test runner as determined by 
a special measuring device. 

R. Lowy correctly points to the theoretical and physical limi- 
tations of the theory used by the author. It is unquestionably 
true that the problem is really a three-dimensional one. There- 
fore, even for an ideal fluid, considerations as represented by the 


23 Headquarters, Army Air Forces, Washington, D. C. 
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turbine theory by Lorenz are in order.?* This problem has been 
outlined more recently by Spannhake at the Fifth International 
Congress for Applied Mechanics. The theoretical difficulties 
connected with such a more rigorous approach are so great as to 
‘ast some doubts on its practical usefulness. It must be remem- 
bered in particular that any departure from the admittedly fie- 
titious picture of the flow along cylindrical surfaces makes the 
present simple approach to the two-dimensional problem im- 
possible. This is due to the fact that the relative flow does not 
remain irrotational if it has a radial component. There can be 
no doubt that more detailed considerations of the three-dimen- 
sional problem will be necessary in order to answer some of the 
problems which have been left open by this paper. 

The question of prerotation as raised by Lowy was answered 
by a test setup permitting a reliable control of this element of 
the flow. An influence on the incoming flow by the runner was 
observed only as a consequence of a lack of agreement between 
the flow and the vane design as, for instance, in the range of low 
capacities. 

The author would like to express to Prof. L. F. Moody his ap- 
preciation for constant advice and encouragement over many 
years, 

The method of Thoma can be related to that in the present 
paper by considering that the circulation around an individual 
vane has the value Pf = AVe ¢t, while the circulation in front of 
runner is 


= 2erVu...... {48} 
and on the discharge side of the runner 
r, = ‘ {49} 


The change in circulation with respect to the axis of rotation is 
therefore equal to the sum of the vane circulations 


= 


The author certainly finds himself in agreement with Moody's 
point of view. With particular reference to the problem of the 
“ideal fluid,’”’ Moody clearly touches on the most difficult phase 
of the fluid mechanics of this type of machinery. Since a theory 
based on an “ideal fluid’? cannot account for the losses in a 
machine, it is obvious that the problem of improving the design 
cannot be attacked without considering the characteristics of a 

sal fluid, as, for instance, separation. The theoretical difficul- 
ties connected with this problem are well appreciated from other 
fields of fluid mechanics. Their solution with respect to the com- 
plicated flow conditions in turbomachinery must be considered 
as an essential element of future developments in this field. 

The author does not believe that the application of the present 
theory to propeller-type turbines would differ essentially from 
that mentioned for pumps, since the “residual whirl” at the dis- 
charge from a turbine runner can be considered in the same 
manner as prerotation of the pump runner. In the case of a 
turbine, the rotation on the high-pressure side of the runner 
must be assumed to be prescribed by the guide apparatus and 
the whirl on the discharge side results from the action of the 
runner. It is true, however, that the space between the guide 
apparatus of a propeller turbine and its runner is likely to 
cause departures from the ideal velocity distribution at the 
runner inlet. 

H. bk. Sheets has called attention to an important limitation in 
the paper, which applies not only to this particular application of 
the theory of ideal fluids, but to any other based on the same 
assumption. From a physical point of view, the limitation of a 


*“Neue Theorie und Berechnung der Kreiselriider,”” by Hans 
Lorenz, R. Oldenbourg, Munich and Berlin, 1906. 
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is simply the separation or stalling limit of any vane or airfoil, 
which must, of course, be taken into account in order to avoid out- 
right contradictions between theory and physical facts. The 
theoretical use of @ for a wider range than is physically permis- 
sible merely has the significance of a theoretical tool to establish 
the direction of the theoretical head-capacity characteristics. 
The relation between theory and physical facts is rational only 
for capacities larger than that of the familiar break in the actual 

_head-capacity curve. For capacities below that limit, the flow 
picture is known to be radically changed and bears no resemblance 
to the assumptions made in this paper. 

The author regrets that he did not have an opportunity to 
examine the apparently interesting paper by Shimoyama,’ re- 
ferred to in the discussion. 

We are greatly indebted to A. J. Stepanoff for a thorough dis- 
cussion of this subject and shall try to answer only its most im- 
portant points. At the outset, it must be realized that the basic: 
reason for the fact that radial- and mixed-flow runners cannot 
be treated in the same manner as axial-flow runners is the pre- 
viously mentioned fact that the relative flow in the former type 
of runner is not irrotational. 

There appears to be a slight misunderstanding concerning the 
fact that Equation [42] of the discussion was applied by the 
author only to the design point. By averaging the rate of 
through-flow rather than the head, the author has assumed that 
this equation is satisfied at all times. This does not mean that 
Equation [42] is necessarily satisfied under the actual flow condi- 
tions in the pump, but merely that its application does not lead 
to logical inconsistencies. In this connection, Stepanoff’s sug- 
gestion of using the law of a forced vortex furnishes a very in- 
teresting example of the significance of the derivations leading 
to Equation [30] of the paper. Substituting the law of a forced 
vortex 


Voy = ro, and Vuz = raz.... [50] 
into Equation [30] of the paper, one obtains 


2we(rw — rae) = 2w,(rw — ra) 


or 
wwe — we? = 


Consequently, the angular velocity of the two forced vortices 
at the inlet and discharge w, and w: are the two roots of a quad- 
ratic equation, and as such have the relation 


+ w = 


where w is the angular velocity of the runner. This condition, 
however, is seldom if ever satisfied in axial-flow pumps. 

One can obtain an independent check on the validity of Equa- 
tion [30] of the paper by substituting the law of a forced vortex 
into the more fundamental Equation [22] of the paper, which ex- 
presses the equilibrium between pressures and centrifugal forces 
in aradial plane. The integration yields the relation 


where pp is the static pressure at the center of rotation if the law of 
a forced vortex were maintained that far. Equating the static- 
pressure differences between the two forced vortices to the 
static-pressure increase through the runner along the cylindrical 
stream surface, one obtains 


(Ves — Vu;) = [54] 


= 
p 
FER 
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which may be simplified to 


The latter, however, applying to one cylindrical stream surface 
has for forced vortices the same meaning as the previous Equa- 
tion [52]. 

The conclusion to be drawn from these derivations is that with 
the exception of the flow conditions expressed by Equations [52] 
and [55], the assumption of a forced vortex flow at entrance and 
discharge of the runner is dynamically incompatible with the 
assumption of cylindrical stream surfaces through the runner. 
The problem answered by these considerations is not one con- 
cerning the existing flow but one of theoretical consistency of 
the assumptions employed. It isin this light that the derivations 
leading to Equation [30] of the paper have to be viewed. 

The author would be greatly interested in learning more of the 
background of the relation suggested by T. H. Troller; in par- 
ticular, the underlying variation of the lift coefficient as a func- 
tion of the radius. This problem of design certainly warrants 
independent study, and it is to be hoped that there will be signifi- 
cant additions to the literature in this field. 

F. L. Wattendorf’s comments were greatly appreciated, par- 
ticularly since his earlier work furnished much of the incentive 
for this paper. His remarks, in common with other contributions 
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to the discussion, seem to express the fact that essentially there is 
agreement on the main points of the paper, in so far as it goes. 

The author wishes to thank Prof. John R. Weske for some in- 
teresting and encouraging comments which unfortunately were 
received too late to be published with the other discussions, 
Among various facts, Professor Weske points out that the first 
term in the denominator of Equation [20] is the inverse ratio of 
K to its one-dimensional approximation, i.e. the ratio between 
the ordinates of the straight lines and the curves in Fig. 4. This 
fact further illustrates the close relation between the correction 
factors K and C,, of the two- and the one-dimensional theories. 
Professor Weske is generally in agreement with the paper and ex- 
presses the opinion that it furnishes “‘a foundation from which 
the three-dimensional problems can be attacked with greater 
confidence.” 

The gratifying number of discussions received demonstrate 
that the subject is one of timely interest. What has been achieved 
may be considered only as groundwork. Obviously, the more 
difficult aspects of the problem are yet before us; for example, 
the three-dimensional approach mentioned by Lowy, and the 
problem of the ‘‘real’”’ vs. the ‘‘ideal’’ fluid, suggested by Moody. 
The experimental evidence and the contributions received indi- 
cate that the theory presented, while far from complete, does 
contain what may be termed a significant relation to reality. 
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Optimum Compression Ratios for a 


High-Speed Diesel Engine 


By W. P. GREEN,' COLLEGE PARK, MD. 


Optimum compression ratios must give smooth and re- 
liable ignition. They are high enough to procure maxi- 
mum fuel economy. They are determined from data 
presented to show the effect of compression ratio upon the 
combustion and performance characteristics of a high- 
speed (2000-rpm) 3.25 X 4.5-in. single-cylinder compres- 
sion-ignition engine equipped for varying the precom- 
bustion-chamber volume. These data show an optimum 
range of compression ratios varying with the indicated 
mean effective pressure. Compression ratios should be 
increased as the indicated mean effective pressure (imep) 
decreases. Optimum performance of the engine under 
test was obtained in the range of compression ratios from 
16 to 1 to 24 to 1. Structural strength-weight require- 
ments and cylinder wear may dictate the use of lower 
values of the compression ratio than does fuel economy. 


fundamental property of an internal-combustion engine is 

the compression ratio and the dependent expansion ratio. 

For the compression-ignition engine, it is also necessary 

that the compression ratio be high enough to insure certain and 

smooth ignition. The optimum compression ratio will be high 

enough to meet ignition requirements and give maximum fuel 

economy. Other factors, such as cylinder wear, ring wear, 

mechanical repairs, and cost of building the engine strong enough 

to withstand the stresses and temperatures which accompany 

high compression ratios were not considered to come within the 
scope of this paper. 

To determine the compression ratios which insure ignition and 
give maximum thermal efficiency at any given load, it is necessary 
to know the major performance characteristics of an engine over 
a wide range of compression ratios. Since past published in- 
vestigations of the effect of compression ratio on high-speed 
Diesel-engine performance have been limited in extent and per- 
formed on several types of engines not readily comparable, 
(1, 2, 3, 4, 5),? it was decided to measure the major performance 
characteristics of a high-speed CFR Waukesha Diesel engine 
equipped with a head having adjustable precombustion-chamber 
volume. 

Data were taken for computing the performance character- 
istics, listed in Table 1, over a range of compression ratios from 
12:1 to 31:1. 


Test EQuirpMENT 


Major test equipment is shown in Fig. 1, while Fig. 2 shows 
schematically the arrangement of all equipment. 

The engine used was a standard CFR single-cylinder evapo- 
rative-cooled engine of 3.25 in. bore and 4.5 in. stroke as pre- 


1 Associate Professor of Mechanical Engineering, University of 
Maryland. Mem. A.S.M.E. 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Aviation and Oil and Gas Power Divisions and 
presented at the Annual Meeting, New York, N. Y., Nov. 27—Dec. 1, 
1944, of Tae American Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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TABLE 1 PERFORMANCE CHARACTERISTICS MEASURED 
OVER A WIDE RANGE OF COMPRESSION RATIOS 


Friction horsepower and friction mean effective pressure 

Brake horsepower and brake mean effective pressure 

Indicated horsepower and indicated mean effective pressure 

Volumetric efficiency 

Maximum explosion pressures 

Efficiencies, thermal and mechanical, on a brake-horsepower and indi- 
cated-horsepower basis 

Exhaust appearance 

Injection-advance-angle range 

Combustion characteristics as shown by indicator cards 

Heat rejection to coolant 


Other operating variables, listed in Table 2, were maintained 
constant throughout the tests. 


TABLE 2 STANDARD OPERATING CONDITIONS 


(a) Engine speed, 2000 rpm 

(b) Intake-air temperature, 140 F plus or minus 1 deg F 

(c) Intake-air pressure, atmospheric pressure plus or minus !/2 in. of water 

(d) Exhaust pressure, atmospheric pressure plus 6 in. of water 

(e) Lubricating oil, 8.A.E. 30 

(f) Lubricating-oil temperature, 170 F plus or minus 2 deg F 

(g) Cooling-water temperature, 212 F 

(hk) Injection pressure, 2000 psi 

(i) A single commercial Diesel fuel of known specifications for all tests; 50 
cetane number used 

(J) Angle of injection advance setting to obtain maximum fuel economy for 
a given load 


viously noted. It was equipped with a Diesel conversion 
cylinder head allowing infinitely variable compression ratios 
between 12:1 and 31:1. The compression ratio was changed by 
varying the volume of a cylindrical precombustion chamber with 
a movable plunger in such a way as not to affect materially the 
combustion characteristics. 

The cylinder and _ variable-compression-ratio head were 
mounted on a high-speed crankcase equipped with balanced 
pistons. The engine piston was of cast iron and was provided 
with three compression rings and one oil ring. 

Fuel was supplied from a 5-gal tank above the engine panel- 
board to a weighing tank placed upon an accurate set of balances 
as shown in Fig. 2. After being weighed, the fuel entered a 
Bosch injection pump and was then injected into the cylindrical 
precombustion chamber through a Bosch pintle-type injector. 

A contact device, attached to the injector and operated by the 
opening of the injector-nozzle pin, was used in conjunction with a 
neon indicator on the engine crankshaft to observe the crank- 
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angle position at which fuel was first injected into the precom- 
bustion chamber. 

Air to the engine passed through a small blower, a metering 
orifice, two surge tanks, and an air heater before entering the 
engine. 

The blower supplied the air under pressure to a 5/s-in. Meriam 
orifice. Pressure taps from the orifice were connected to an in- 
clined manometer for reading accurately the quantity of air flow- 
ing. In order to avoid pulsating flow through the orifice, a 50- 
gal steel drum, equipped with a rubber diaphragm in one end, 
was used as a surge tank. In addition, a small 30-gal drum was 
mounted above the air heater on the intake manifold of the 
engine. The pressure in this drum was maintained atmospheric 
within '/, in. of water. 

By means of this equipment a steady flow of metered air was 
delivered to the engine at 140 F and atmospheric pressure. 
Exhaust gases passed from the engine cylinder through 20 ft 
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Fig. 2) Scnematic Layout or Att Test EquipMENT 
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of 11/:-in. pipe to a 10-gal expansion tank, and then into the 
laboratory exhaust main. Provision was made at the first 
90-deg elbow 20 in. from the engine (see Figs. 1 and 2) to sample 
the exhaust gases for exhaust-appearance tests. The sample of 
gases was carried through tubing to a smokemeter where its 
appearance was evaluated. Smoke appearance was evaluated as 
described by Schweitzer (6). 

A conventional type of cradle dynamometer was used for 
motoring and loading the engine. The engine speed was main- 
tained at 2000 rpm by means of an electric-indicating tachome- 
ter. An electric revolution counter was also in operation for 
all fuel-consumption and power tests. 

The pressure-crank-angle diagrams were photographed from 
the screen of a 9-in. cathode-ray oscillograph. A piezoelectric- 
crystal pickup mounted in the precombustion chamber of the 
engine was used in conjunction with an amplifier and the oscillo- 
graph to measure all pressures. It was calibrated by the manu- 
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duplicate for each compression ratio between 12:1 and 
31:1. However, at a load of 41/2 hp the maximum com- 
pression ratio which gave good continuous operation was 
23:1. 

In some instances, it was impossible to obtain the in- 
dicator cards and smoke-meter readings during the original 
performance tests. Check tests were run later to obtain 
these data. 

The engine was motored in order to determine the 
friction horsepower at the end of each test run. Since it was 
found that this procedure interrupted regular tests owing 
to a very poor laboratory direct-current power supply for 
metering purposes, the friction horsepowers were determined 
during check runs under the same conditions of engine op- 
eration. 

It should be mentioned that the mechanical condition 
of the engine was found to be of utmost importance. It 
was found necessary to clean the piston rings and injector 
after 8 to 10 hr of operation if best results were to be ob- 
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facturer several times during the tests, and calibrations were 
checked with a balanced-diaphragm type of maximum-pressure 
indicator (7, 8). A modification of the Taylor and Draper pres- 
sure element was used. 

Thermometers inserted in the inlet and outlet water lines 
of the condenser on the evaporative cooling system were read 
to determine the temperature rise of the cooling water. Water 
leaving the condenser outlet was weighed in a 50-gal drum 
mounted on scales. 


OPERATING PROCEDURE 


Having determined the proper angle of injection advance, 
tests were run in the following manner: 

The engine was operated for a period of at least 2 hr until read- 
ings indicated standard conditions had been reached. Then 
readings were taken every 5 min during a 15-min period of the 
engine speed, of engine revolutions, time for the consumption 
of a given weight of fuel, angle of injection advance and injection 
pressure, cooling-water and oil temperatures, injector tem- 
perature, weight of condenser water, inlet and outlet condenser- 
water temperatures, dynamometer-scale readings, inlet-air tem- 
perature, inlet-air rate of flow, inlet air pressure, exhaust pres- 
a and per cent smoke in the exhaust. During the test interval, 
Pictures were taken of pressure-crank-angle cards on the screen 
of the oscillograph. After test data had been completed, the 
compression ratio was changed, '/2 hr being allowed for stabiliza- 
tion of operating conditions, and the procedure was repeated in 
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tained. Operation for longer periods of time always 
resulted in a loss of power due to sticking of the 
top piston ring. With rings and grooves clean, a 
check of the blowby even at highest compression ratios indicated 
that it was considerably less than 3 per cent. 


Test RESULTS 


The results of performance tests are shown by the curves in 
Figs. 3 and 4, for a load of 3!/2 bhp. Figs. 5 and 6 show the same 
characteristics for a load of 41/2 bhp. It should be noted that 
for this horsepower the maximum compression ratio for con- 
tinuous operation was 23 to 1. 

The curves, based on performance at a wide range of com- 
pression ratios, show a number of interesting trends in compres- 
above 16:1. Friction horsepower increases with 
compression ratio. Indicated mean-effective-pressure values of 
109 psi were obtainable without excessive smoke. Smoke in- 
creased rapidly and became excessive at mean-effective-pressure 
values above 115 psi. 

Brake and indicated fuel consumption curves have a con- 
cave upward shape. They reveal decreasing fuel rates until 
the range of optimum compression ratios is reached. Fuel rates 


sion ratios 


then increase. 

Volumetric efficiency remains constant within 2 per cent over 
the range of compression ratios covered. Exhaust appearance 
becomes smokier with increases in compression ratio above 20 
to 1. Heat losses to the coolant decrease with compression 
ratio, reaching a minimum value in the compression-ratio range 
from 23:1 to 28:1. Further increases in compression ratio lead 
to slightly increased heat losses. 
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OprimuM CompREssION Ratios 


From the data included in Figs. 3, 4, 5, and 6, and from tests 
at lower horsepower ratings, Fig. 7 was constructed. It shows 
the optimum compression ratios for the range of imep values 
studied with this precombustion-chamber-type Diesel. Fig. 
7 brings out the fact that the maximum values of the imep as 
well as brake and indicated horsepower decrease with an in- 
crease in compression ratio after a ratio high enough for smooth 
ignition is reached. 

It should be pointed out that while the range of compression 
ratios indicated gives maximum fuel economy, the curves of 
indicated fuel consumption versus compression ratio (see Figs. 
3 and 5) are relatively flat for this type of engine. The range 
of compression ratios considered optimum might therefore 
be lowered considerably if such factors as engine wear and struc- 
tural strength and weight are considered. 
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Discussion 


H. H. Fosrer.* As far as the writer knows, a compression 
ratio of 31:1 is considerably higher than has heretofore been re- 
ported. Apparently the author’s test procedure and equipment 
were such that a maximum of information was obtained with a 
minimum of effort. The difficulty of carrying out rigorously an 
investigation of this kind is recognized and appreciated, for it is 
seemingly impossible to obtain a large change in the compression 
ratio of a Diesel engine without a resulting unpredictable change 
in the fuel and air mixing. From a practical viewpoint, perhaps, 
it is not feasible or entirely desirable to investigate engine per- 
formance at different compression ratios, independently of the 
variation in fuel and air mixing, but rather to choose for the in- 
vestigation a combustion chamber such that the variation in mix- 
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ing is a minimum and the results have the greatest practical 


application. 

It is quite likely that the author’s test results were affected by 
variables, other than the compression ratio, which are not dis- 
cussed in his paper. In any investigation of Diesel-engine per- 
formance at different compression ratios, the investigator is con- 
fronted with the problem of how to obtain the necessary change 
in combustion-chamber volume without a consequent change in 
combustion efficiency. 

Unlike the gasoline spark-ignition engine in which the fuel and 
air mixture is homogeneous and therefore unaffected by changes 
in the combustion-chamber shape, the Diesel-engine fuel and air 
mixing is affected by differences in degree of fuel-spray impinge- 
ment, and by changes in the relative positions of the fuel sprays 
and the mass of the combustion air. Fig. 8 of this discussion has 
been prepared to show the relative combustion-chamber lengths 
in the CFR engine used by the author for compression ratios of 
12:1 and 31:1. The change in length is from about 1'/, in. to 
about '/2 in. Obviously, there will be considerably more spray 
impingement when the nozzle tip is '/: in. from the chamber wall 
than when it is 1'/, in. away. It seems reasonable to believe 
that the combustion would be poorest when the spray impinge- 
ment is the greatest. This belief is in agreement with the writer's 
experience and seems to be borne out by the trend of the curves in 
the paper, that is, the thermal efficiency decreases and the ex- 
haust smoke increases at the upper end of the compression-ratio 
range. It is suggested that, if further work is contemplated, a 
combustion chamber of a different form be considered. 
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Fig. 8(b) herewith, shows an open-type chamber for the CFR 
engine for the foregoing compression-ratio range, 12:1 to 31:1. 
It is believed the open chamber formed between the piston 
crown and cylinder head with a central radial fuel spray should 
affect the combustion efficiency considerably less than the pre- 
chamber shown in Fig. 8(a@) for equal changes in compression 
ratio. 

In the section on operating procedure, the author mentions a 
“proper” injection-advance angle without defining it. In refer- 
ence (10) of the paper, however, it is stated that ‘‘the angle of in- 
jection which would maintain engine output for the lowest rate 
of fuel injection was noted.’”’ (The lowest rate of total fuel flow 
rather than the lowest rate of injection presumably is meant.) 
From data in reference (10), the writer has prepared a plot, 
Fig. 9, of the ratio of explosion pressure to compression pres- 
sure versus compression ratio to show the large decrease in pres- 
sure-rise ratio with increase in compression ratio for these 
“proper” advance angles. The decrease is certainly greater 
than might have been expected and, from a practical viewpoint, 
is very fortunate: otherwise the upper range of the investigation 
would have been limited by maximum cylinder pressures. 

The author states that the compression ratio should increase 
with a decrease in indicated mean effective pressure. Conversely, 
then, for high indicated mean effective pressure the compression 
ratio should be low. The latter seems to be in agreement with 
the present trend of thought in connection with compounding 
where extremely high boost pressures necessarily, from a practi- 
cal standpoint, mean correspondingly low compression ratios. 


W. J. King.‘ The author has tackled a difficult experimental 
project and has contributed some interesting data. However, 
the difficulty of the problem is illustrated by the statement: 

“The compression ratio was changed by varying the volume 
of a cylindrical precombustion chamber with a movable plunger 
in such a way as not to affect materially the combustion char- 
acteristics.” 

It is almost inconceivable that this could be accomplished, as 
it is more plausible to suppose that the volume of the precom- 
bustion chamber must necessarily have a significant effect upon 
combustion. This appears to be reflected in Figs. 3 and 5 of the 
paper, which show rapid increases in per cent smoke at the higher 
compression ratios. It is possible, therefore, that the decreased 
thermal efficiencies at the higher ratios are due primarily to the 
abnormai impairment of combustion. Perhaps the shape of the 
curves would be different if the compression ratio had been 
varied by changing the stroke without disturbing the com- 
bustion chambers. 


‘Supercharger Engineering Division, General Electric Company, 
Lynn, Mass. Mem. A.S.M.E. 
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Rateu Miter.’ The data piotted in Fig. 5 of the paper con- 
firm the theoretical work of other investigators, with respect to 
the effect of clearance volume on volumetric efficiency. 

The volumetric efficiency of a 4-cycle Diesel engine does not 
change with the volume of the clearance space nor is it affected by 
the temperature of the residual gases remaining in the clearance 
space after the end of the exhaust stroke. Volumetric efficiency 
is affected by wire drawing or pressure drop through the inlet 
valve but in moderate-speed engines this pressure drop is 
negligible, and the volumetric efficiency is almost entirely fixed 
by the heating of the fresh air charge from hot surfaces during 
the suction stroke. Obvious as it is, this theory is not generally 
recognized. The change in volumetric efficiency should there- 
fore follow the line of total heat loss to the water jackets. 

Optimum compression ratio with constant combustion pressure 
would have been of greater practical value to the designer be- 
cause maximum pressure is usually fixed by design, whereas com- 
pression ratio can be changed. 

In the method used by the author the volume of the com- 
bustion chamber is changed to change compression ratio. This 
variation of volume, which greatly influences combustion 
efficiency, could be eliminated by changing the stroke and main- 
taining constant the combustion-chamber shape and volume. 


P, H. Sciwerrzer.* Carefully conducted investigations on a 
specific problem of a limited scope, like the one presented, have 
their place and may yield very useful results if the instrumenta- 
tion and procedure are correct, and the results are properly in- 
terpreted. The instrumentation set up by the author was com- 
plete, and the readings were taken with apparent care. Yet some 
of the results obtained appear questionable. 

While the writer finds himself in complete agreement with the 
final conclusion that the engine power generally decreases with an 
increase in compression ratio after a ratio high enough for smooth 
ignition is reached, he finds insufficient data in the reported re- 
sults upon which to base this conclusion. Running smoothness 
has not been reported by such scale as the maximum rate of 
combustion-pressure rise or by any other scale. Figs. 3 and 5 of 
the paper show best fuel consumptions at 23 and 17 to 1 com- 
pression ratios, but being plotted for constant brake horsepower 
they do not show what ratios give maximum power. What Fig. 7 
represents is not clear to the writer. 

The lowest specific fuel consumptions are shown as 0.85 and 
0.81 lb per bhp-hr and the mechanical efficiency at full load varied 
between 35 and 40 per cent. These are at variance with our ob- 
servations? which show 0.65 lb per bhp-hr and mechanical effi- 
ciencies of the order of 65 per cent. The difference in speed 
(1200 rpm against 2000 rpm) can hardly account for that great a 
difference in fuel consumption. Plotting the values for com- 
pression pressure might be helpful as the movable plunger and 
other parts may not have been tight at compression ratios as 
high as 31:1. 

The appearance of the curves, showing variations of indicated 
horsepower, friction horsepower, fuel consumption, maximum 
pressure, and smoke, agree with those observed by the writer, but 
numerically some of them show differences greater than attribut- 
able to the difference in engine speed or to experimental error. 
The complete report no doubt would shed some light on the dis- 
crepancies, 


5 Chief Engineer, Worthington Pump and Machinery Corporation, 
Buffalo, N.Y. Mem. A.S M.E. 
Professor of Engineering Research, The Pennsylvania State Col- 
lege, State College, Pa. Mem A.S.M.E. 
7 “Oxygen-Boosting of Diesel Engines for Take-Off,” by P. H 
Schweitzer and E. R Klinge, The Pennsylvania State College, Engi- 
neering Experiment Station Bulletin, No. 54 1941 
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AUTHOR’s CLOSURE 

The author feels highly complimented by the interest exhibited 
by the engineers who have discussed this paper. The discussion 
has not only served to add information on a number of points in 
the paper but also to bring out some of the difficulties involved 
in an investigation of this type. 

Messrs. Foster and King bring out in their discussion the effect 
of changes in combustion-chamber size and shape on combustion 
efficiency and point out that the type of chamber used undergoes 
such changes. The author was aware of these changes but felt 
that the increased pressure and density of the charge at higher 
compression ratios tended to offset changes in combustion- 
chamber shape, size, and surface - volume ratio. As noted, how- 
ever, the performance curves indicate a definite falling off in com- 
bustion efficiency at very high compression ratios. Some of this 
was due to increased impingement as suggested by Mr. Foster. 
A number of tests were run varying the injection pressure and 
very little measurable effect was noted on the combustion effi- 
ciency. At higher injection pressures, greater impingement was 
to be expected. It is likely that another factor also affected the 
combustion efficiency greatly. A considerable portion of the 
total clearance volume at high compression ratios is in the pass- 
ageway from the precombustion chamber to the cylinder and in 
the clearance space between piston and cylinder head. This 
means that the fuel-air ratio in the precombustion chamber at 
the start of combustion is greater at high compression ratios than 
at low ones. A greater portion of the burning would therefore 
have to take place in the cylinder. This would offer possibilities 
for less efficient combustion. 

It is felt that Messrs. King and Miller’s suggestion of using a 
fixed combustion-chamber shape and volume and varying the 
compression ratio by changing the length of stroke would give 
constant combustion efficiency. Lack of equipment for such an 
approach to the problem made this method untenable. 

Mr. Foster’s interpretation of the ‘‘proper’’ injection-advance 
angle is entirely correct. The pressure-rise ratios given by Mr. 
Foster in Fig. 9 offer further interesting data regarding the 
pressures encountered during combustion. 

Mr. Miller’s comments on volumetric efficiency explain why 
volumetric efficiency was relatively constant throughout tests. 
The entering air was heated to a high temperature so that there 
was very little change in charge temperature during the suction 
stroke although total heat loss to the evaporative cooling system 
varied with engine output. 

Mr. Miller also suggests that optimum compression ratio with 
constant combustion pressure would have been of greater practi- 
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‘al value to the designer. In running the tests the author 
aimed to do this and made an effort to set the maximum pressure 
at 1150 psi: Unfortunately, the injection equipment. and engine 
characteristics only allowed this pressure to be maintained 
throughout a portion of the tests. For those on which data are 
given in this paper 1050 psi is approximately the maximum value. 
Since a very high maximum pressure could not be maintained 
constantly, results were taken at the maximum pressure obtaina- 


“ble with the injection equipment and combustion-chamber 


design used. 

Professor Schweitzer questions the meaning of Fig. 7. By 
those curves the author intended to enclose the optimum range 
of compression ratios to be used with the test engine at any value of 
indicated mean effective pressure. For instance, at an Imep 
of 80 psi, optimum fuel economy would be obtained for a com- 
pression ratio between 20 and 24 since the efficiency curve 
against compression is relatively flat in this range. 

The brake specific fuel rates and mechanical efficiencies ob- 
tained at full loads on these tests do not agree with those obtained 
by Professor Schweitzer in his work at Pennsylvania State 
College, using a CFR Diesel. The values in this paper show 
higher brake specifie fuel rates and lower mechanical efficiencies. 
Since the tests given in the paper were made using a CFR engine 
with high-speed crank case while those run by Professor 
Schweitzer were made on a CFR engine with a low-speed crank 
vase, these differences were to be expected. The engine with the 
high-speed crank case has a three-throw crankshaft and uses two 
balance pistons in the crank case in order to provide dynamic bal- 
ance at speeds above 1200 rpm. The friction horsepower is 
increased by the balance pistons, resulting in a lower mechanical 
efficiency than would be obtained using the low-speed crank case. 
Increased friction horsepower also leads to higher brake specific 
fuel-consumption values. Indicated performance  character- 
istics of the two engines would be more comparable since the 
engines differed greatly in mechanical efficiency. 

Fig. 9 submitted by Mr. Foster in his comments gives some of 
the additional data requested by Professor Schweitzer. No 
measurements of rates of pressure rise were made. In reference 
(10), however, indicator cards are given for all tests run. These 
cards indicate very high rates of pressure rise since high thermal 
efficiency rather than smoothness of running was the criterion 
chosen for the tests. 

It is noted that the general trends and appearance of the curves 
agree with those of other observers who have made tests over 
more limited ranges of compression ratio. 


: 
| 
| 
| 
str 
| 
me 
elz 
co 
> 
| 
mi 
: 
de 
ou 
ha 
| 
pli 
ex 
| 
| 
: 
3 
ot 
SNF 
di 
Ay: 
a 
5 
bee 
Kes 


Elastic Properties of Plastic Materials 


By JOHN DELMONTE,! LOS ANGELES, CALIF. 


Unlike most metals, the average plastic material does 
not have a sharp break in the stress-strain curve to denote 
the yield strength or elastic limit. Usually experience or 
even conjecture is the guide to determining working 
stresses. An advance toward the solution of this problem 
is made by the author, who describes beam-deflection 
methods of obtaining elastic-limit stress data which have 
special significance in practical applications. A curve- 
deviation method is also suggested by means of which 
elastic limits are more accurately determined than by 
conventional stress-strain technique. 


specific characteristic of organic plastic materials seldom 

referred to in technical literature or in tabulations of 

physical properties is the elastic limit of plastic materials. 
This has left the determination of working stresses for plastics a 
matter of conjecture or of experience. The reason for this ap- 
parent gap in technical data may be explained by the difficulty 
of evaluating elastic limit from the tensile stress-strain curves of a 
plastic material. Unlike metals, the average plastic 
material does not have a sharp break in its stress-strain curve to 
denote the yield strength or the elastic limit. In fact, as brought 
out in this paper, values of yield strength and elastic limit which 
have been reported vary considerably, leaving the designer con- 
fused as to safe limits of working stress. 

Various definitions have been proposed for the elastie limit of 
plastic materials and related values of proportional limit. For 
example, the A.S.T.M. Specification D 638-42T offers the follow- 
ing definition: 

‘Elastic limit” is the greatest tensile stress which a material is 
capable of carrying without a permanent deformation remaining 
upon complete release of stress. 


most 


More recently tests which have been reported for various plas- 
tics show preference for proportional limit (tangential) and offset 
yield strength (1, 2).2- These are defined in A.S.T.M. Standard 
E 6-36 as follows: 

“Proportional limit’’ is the greatest stress which a material is 
capable of developing without a deviation from the law of pro- 
portionality of stress to strain (Hooke’s law). 

“Yield strength” is the stress at which a material exhibits a 
specified limiting permanent set (0.01 per cent and 0.2*per cent 
offset values have been reported for organic plastics). 


Srress-STRAIN CURVES OF PLASTIC MATERIALS 


The proportional-limit .and yield-strength values are just as 
difficult to evaluate as the elastic limit, as reference to Fig. 1 
will demonstrate. These stress-strain curves may be found in 
references (2) and (3). <A typical thermosetting and thermo- 
plastic compound are plotted, with arrows vaguely pointing to 
the proportional limit. The straight lines offset a specified 
amount will not necessarily give concise data because of the 
gradual sloping of these stress-strain curves. 

‘ Technical Director, Plastic Industries Technical Institute. 
A.S.M.E. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Rubber and Plastics Division and presented 
at a meeting of the Aviation Division, Los Angeles, Calif., June 8, 
1944, of Tue AMERICAN SocteTy OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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The problem is further complicated by the fact that what 
should be a specific physical property of an organic plastic mate- 
rial is in fact a function of the rate of applying stress. Specifica- 
tions for the tensile or compression testing of plastics carefully 
define the rate of crosshead travel of the testing machine (4). 
In many instances this is spécified as 0.05-ipm rate of crosshead 
travel in loading the test specimens of rigid plastics when stress- 
strain data are required, although this rate is greatly increased 
to 20 ipm when the plasties resemble rubberlike elastomers (5). 

The variation of the stress-strain characteristics of plastic mate- 
rials with rates of loading is to be expected because plastic 
materials have been observed to creep at very low values of stress 
(6). This implies that creep will take place during the normal 
application of load in testing, even at values far below the appar- 
ent elastic limit. 

Iixperimental data on the variation of stress-strain characteris- 
tics of cellulose acetate with time of applying load have been 
shown in earlier literature (7, 8). In fact, the proportional 
limit may be observed anywhere from 1000 psi to 3800 psi, de- 
pending on the speed of testing. More recent data on the in- 
fluence of rate of loading on the stress-strain curve have also 
been reported for polyvinyl butyral (9). Data on the effect of 
rate of strain on yield strength of brass, aluminum, copper, and 
S.A.E. 1020 and 1045 steel have already been reported, although 
the effect appears much less pronounced than for organic plasties 
(11). 
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There are various methods which may be employed for analyz- 
ing the elastic properties of materials. Contrary to popular 
impressions, elasticity is not necessarily determined by the 
amount of stretch or the amount of deformation but rather by the 
ability of a material to recover its original dimensions once it has 
been deformed. Thus, for example, a piece of steel may be more 
elastic than a piece of rubber in its greater ability to spring back 
to size upon removal of stress. 


Two-PHase CHARACTER OF ORGANIC PLastics 
In analyzing the physical behavior of organic plastics, one 
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will be impressed by the fact that he is dealing with a two-phase 
system and by analyzing it from this point of view, the anomalies 
of the elastic properties may be better understood. The two- 
phase character of plastics can be identified from the following 
salient facts: 


1 Most molding compounds consist of resin-filler or resin- 
plasticizer combinations. 

2 Most organic plastics possess an average molecular weight. 
There are low, medium, and high molecular-weight portions, 
varying in chemical and physical properties. 

3 Laminated plastics consist of a resin binder and a reinfore- 
ing material. 

4 There is evidence that some thermoplastics possess crystal- 
line and amorphous phases, as evidenced by discrete spots in 
certain X-ray diffraction photographs. 


In the light of physical behavior we may employ simple ex- 
pressions in defining the two phases of an organic plastic (6): 

Phase 1—Elastic portion: This portion permits instantaneous 
deformation under load and instantaneous recovery. 

Phase 2—Plastic portion: This portion permits the plastic 
to continue deformation even after load has been applied for a 
period of time (creep). 


Test Mernop For EvaLuaTInG ELAstTic PROPERTIES 


In order that we may determine characteristics of the elastic 
portion we must employ experimental techniques which will 
permit evaluation of only the elastic properties. Such an ex- 
perimental technique should be predicated upon substantially 
instantaneous phenomena before the results are clouded by 
deformation occurring in the time-dependent plastic portion. 
This would rule out the use of a universal testing machine in 
favor of a testing method where fixed loads and instantaneous 
deformation of the plastics can be observed. Such a technique 
is possible by means of apparatus already described in refer- 
ences (6) and (10). The simple cantilever beam is preferred for 
the following reasons: (a) Load is applied at that portion where 
stress concentration is minimum; and (b) the mechanical ad- 
vantage of a simple cantilever beam in revealing small deforma- 
tions is excellent. Of course tensile and compressive stresses are 
present, varying from maximum at the point of support to 
minimum at the end. However, the gradient is uniform, and 
the results express a performance more applicable to practical 
application than if the test were performed under pure tension or 
compression. 

The testing technique consists of applying carefully a fixed 
weight at the end of the beam for a 1-min interval, removing the 
load, and allowing recovery to take place for 3 min; loading once 
again, etc., repeating this cycle 3 times. Deformation is read 
with an accuracy of +0.001; although the time interval during 
the first 30 sec may have varied as much as plus or minus 2 sec 
during observation of the deformation. The cycle is repeated 
3 times largely to check readings and to observe changes in 
comparing one cycle with another. 

The weights chosen were calculated to give certain maximum 
fiber stresses from the well-known formula, M = SI/c, where M 
is the maximum fiber stress and J/c the section modulus. The 
maximum fiber stress is recorded on each chart shown herewith. 
The technique could be improved through the use of an auto- 
matic electronic deflection-recording mechanism which did not 
contribute to the weight at the end of the beam. No correc- 
tions were made for the unsymmetrical tension and compres- 
sion stress distribution but, rather, results are reported in the 
light of their integrated behavior. 

All tests were conducted at temperatures varying from 75 to 
80 F, and upon removal from a 50 per cent relative humidity 
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conditioning box. Prevailing humidities at time of tests were 
35 to 50 per cent. 

Analysis may be predicated on the assumption that instan- 
taneous deflection substantially equals the instantaneous recovery 
within the elastic limit of the material. We may also detect 
the elastic limit through the drift of the zero point, indicating the 
attainment of permanent set. Other factors which were ob- 
served to indicate the elastic limit were: (a) Initial rate ot! 
creep recovery exceeds the initial rate of deformation under 
constant load (dR/dt to dD /dt) exceeds 1, where R is the recovery 
and D the deformation. (6) The elastic limit is readily indi- 
cated by the drift or deviation in deformation-time curves of 
adjacent cycles. This latter method provided the most positive 
index of the elastic limit and is described more fully later. 


MATERIALS TESTED 


1 Molded phenolic, rag-filled, '/; in. thick; Monsanto Chemi- 
cal Company, see Figs. 2 and 3. 

2 Cellulose-acetate sheet, '/s in. thick, Figs. 4 and 5, 

3 Laminated phenolics, cloth, 8 oz per sq yd; resin content, 
49 per cent; Grade C; laminated at 1500 psi and 330 F; |, 
in. thick, see Figs. 6 and 7. 

4 Phenolic molding compound, woodflour-filled, '/ 
thick; Monsanto Chemical Corporation, Fig. 8. 

5 Polymethy! methacrylate sheet; '/sin. thick, Fig. 9. 
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All materials were conditioned for at least 48 hr at 50 per cent 
relative humidity prior to test. 


EXPLANATION OF CHARTS 


In all the charts showing test results, deformation under con- 
stant load is shown during the first 60 sec. The actual deforma- 
tion readings are plotted, although the same scale is maintained 
throughout and one set of curves may be visually compared with 
another set. In order to magnify the results, the actual elastic 
deformation under load (instantaneous deformation), and the 
actual elastic recovery (instantaneous recovery) are not plotted 
because they are so much greater than the short-time creep curves 
shown. Nevertheless, they may be estimated as follows: 


Initial elastic deformation = deformation reading extrapolated 
to zero time, minus constant- 
recovery reading at 180 sec. 
(Interpolation to zero time is 
practically impossible for a mate- 
rial such as plasticized cellulose 
acetate, where the initial creep 
rate is quite rapid) 


The constant-recovery reading at 180 sec is approximately 
equal to initial zero point. Only where elastic limit is exceeded 
for an appreciable time will there be an appreciable permanent 
set. 


Initial elastic recovery = deformation when load was _ re- 
moved (at 60 sec), minus recovery- 
reading curve extrapolated to zero 
time axis 


The circled points represent the first cycle of loading and the 
crossed points the second cycle, while the squared points are the 
third cycle; the error in deflection and recovery readings is 
plus or minus 0.001 in., the early time error is plus or minus 2 sec. 


DIscussION OF CHARTS 


It is si once apparent how thermoplastic materials differ from 
thermosetting materials by the steep gradient of their time-def- 
ormation curves. The more pronounced creep characteristics 
of thermoplastics are well known already for long time intervals 
(12), although not known for short applications of stress. These 
are the first comprehensive data on short-time creep of organic 
plastics. 

The charts also reveal how difficult it is to obtain accurate data 
on initial elastic deformation and initial elastic recovery (i), 
as the elastic limit is approached and passed, because of the 
sharp slope of the curves. Approximations are possible, however, 


TABLE 1_INITIAL ELASTIC DEFORMATION AND INITIAL 
ELASTIC RECOVERY OF PLASTICS TESTED 


Maximum Initial elastic 
fiber stress, deformation, Initial elastic Elastic 
Material psi in, recovery, in, limit 
Phenolic, rag-filled 1500 112 0.112 
2170 170 0.169 


2870 220 215 
3500 267 257 


<— 


335 
670 


102 


156 
203 


330 
650 


103 


153 
197 


Cellulose acetate 500 
1000 


Laminated phenolic 1080 
1620 
2160 


Phenolic, woodflour- 
filled 1000 
2000 


3000 


065 
130 


198 


065 
130 
193 


Polymethy] metha- 


crylate 600 293 


292 
-465 
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by extrapolating the curves to the zero time axis. However, the 
earlier expressed theory that elastic limit is reached when initia! 
elastic deformation exceeds the initial elastic recovery is borne out 
(see Table 1.) 

An even more satisfactory method for arriving at the elastic 
limit of a plastic material is illustrated in Fig. 10. It is proposed 
that the elastic limit for plastics be determined from the per cent 
deviation of adjacent time-deformation curves on repeated 
cycles of stress. The maximum stress where the percentage de 
viation of time-deformation curves is zero is proposed as the 
elastic limit. This analysis admits the possibility of creep below 
the elastic limit, though the elastic limit is not attained until the 
material fails to recover fully from creep. At values above the 
elastic limit the absence of full recovery of deformation is noted 
experimentally as per cent deviation of the time-deformation 
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curves. As Fig. 10 brings out, the apparent elastic limit is ap- 
proached sharply. 

In securing data for Fig. 10, the average spacing between the 
curves for the different cycles of stress is divided by the initia! 
elastic deformation. This gives the percentage deviation. For 
example, at a maximum fiber stress of 2870 psi for rag-filled 
phenolic composition, the average separation or deviation of the 
deflection curves is 0.0010 in. This divided by the initial elastic 
deformation of 0.220 in. and multiplied by 100 to convert to 
per cent equals 0.45 per cent (see point in Fig. 10). By this 
analysis the elastic limit is effectively located. The values of 
elastic limit are listed in Table 2. 

It is also interesting to note that the experimental phenolic 
molding compounds provided, through the courtesy of Monsanto 
Chemical Company were the same materials employed to deter- 
mine the long-time tensile strength (12). The long-time tensile 
strength of the molded phenolic, woodflour-filled, was reported to 
lie within 2000-2500 psi, and the value for the molded phenolic, 
rag-filled, was reported to be 2400-3000 psi. Compare these 
values with the results for apparent elastic limit in Table 2. On 
the other hand, the proportional limit reported in another reter- 
ence yields values which, in the opinion of the author, are tov 
high for working stresses. 


CONCLUSION 


In conclusion, the author wishes to re-emphasize that elastic- 
limit stress data obtained by beam-deflection methods hold speci! 
significance in the practical applications. Elastic limits, as de- 
termined by the curve-deviation method suggested herein, ®p- 
pear to be more accurately arrived at than the more conventional 
stress-strain technique. 
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DELMONTE—ELASTIC PROPERTIES OF PLASTIC MATERIALS 


TABLE 2 


Apparent elastic 
limit, psi 


Material (Fig. 10) 


Molded phenolic, rag-filled. . 2600 
Laminated phenolic, cloth... 1400 
Cellulose-acetate sheet 400 
Polymethyl methacrylate... 600 
Molded phenolic, woodflour- 

1900 
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CABIN SUPERCHARGER ON PerrormMance Test DC-4 ENGine 


Presentation of Centrifugal-Compressor 


Pertormance in Terms of Nondimen- 


sional Relationships 


By B. E. DEL MAR,' SANTA MONICA, CALIF. 


The common difficulties encountered in handling per- 
formance information on centrifugal compressors or 
superchargers are overcome by a new and novel form of 
performance presentation introduced in this paper. 
Nondimensional coefficients which embody measured test 
quantities are derived and performance presentation is 
made using values of these coefficients onasingle combined 
chart. From this chart the pressure, temperature, flow, 
speed, and power quantities, associated with a given 
blower, may be predicted over a broad range of inlet and 
discharge conditions. Particular facility is offered for 
orientation with respect to operation at peak efficiencies, 
for avoidance of surge limits, and for direct performance 
comparison among different compressors. 


' Assistant to the Mechanical Design Engineer, Douglas Aircraft 
Company, Ine. Jun. A.S.M.E. 

Presented at a meeting of the Aviation Division, Los Angeles, 
Calif., June 5-9, 1944, of THe AMERICAN SocteTY oF MECHANICAL 
ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


483 


ERFORMANCE data obtained from tests on centrifugal 

compressors often require presentation in some manner 

which will make possible prediction of operating results 
under conditions differing considerably from those of the tests. 
When a wide variation of inlet conditions is to be encountered, 
as is typical of superchargers on aircraft, in addition to the usual 
variation of conditions at discharge, then this manner of presen- 
tation must be arranged to satisfy a particularly large number of 
variables. 

To serve the purpose of predicting operating results under 
conditions differing widely from those of test, it is common prac- 
tice to plot performance curves rather than to specify any pre- 
determined operating points. To justify the large number of 
variables present when inlet conditions vary over a considerable 
range, these performance curves can be greatly simplified through 
presentation as functions of nondimensional quantities. It is the 
purpose of this paper to outline an improved means of presenting 
compressor performance in terms of nondimensional relationships 
whereby test results can be plotted to form more closely de- 
fined characteristics curves, and whereby the engineer with a 
minimum of interpretation and calculation can analyze the 
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merits of a blower and design its drive even when intended for 
operation throughout a broad range of inlet and discharge condi- 
tions. 

PERFORMANCE-DaTA REQUIREMENTS 


For design work in conjunction with any compressor the 
resultant basic information usually desired for any set of operat- 
ing conditions within the expected operating range is that of 
torque, discharge temperature, and operating speed. The first 
of these functions may also be expressed as power or efficiency 
and the second may also be expressed as temperature rise or 
temperature efficiency. At least three conditions must be deter- 
mined to define the performance, and three sets of curves may 
therefore be expected in the performance presentation. 

A further object can be accomplished by the compressor-per- 
formance presentation if characteristics are given in terms of 
compressor size. ‘Temperature, speed, and efficiency can then be 
compared for small variations in impeller size, and comparison 
can even be made between blowers differing somewhat in general 
size and configuration. 


Errect oF VARYING INLET CONDITIONS 


A common practice in plotting the performance characteristics 
of commercial fans and ventilating blowers is that represented 
in Fig. 1 wherein the pressure head, power, and efficiency are 
plotted as a function of flow for various parameters of speed. 
Where inlet conditions of temperature and pressure are variable 
as in air turboblowers, and particularly variable over a broad 
range as in aircraft applications, such a plot would make no con- 
sideration for the performance decrease accompanying higher 
compression ratios which are encountered with inlet pressure and 
density decrease even though pressure head is maintained con- 
stant. 

If a plot is made as a function of compression ratio, as shown in 
Fig. 2, one of the shortcomings noted for the previous plot is 
removed but each speed parameter still applies to only one inlet 
temperature, and separate curve sheets must therefore be sup- 
plied for any one inlet temperature in order to represent speed 
performance correctly. In view of these shortcomings and in 
order to provide comparison between compressors of different 
size, a presentation of performance which is soundly based on 
dimensional analysis may be noted as definitely desirable. De- 
velopment and discussion of several different forms for such 
presentation are included in this paper. 


DIMENSIONAL APPROACH 


As a first step in preparing a dimensional background the 
physical quantities related to blower performance are to be noted. 
These physical quantities define the following: 

(a) The fluid Velocity, density, pressure, tempera- 
ture, viscosity, and the ratio of 
specific heats 

(b) The rate of fluid flow...Massintake per unit of time 

(c) The compressor........Size, and speed of rotation 

(d) The power Compressor shaft power 

(e) Flow distortion A factor or factors defining any change 

in compressor performance in- 
fluenced by nonlinear shock waves or 
geometric distortion in blower pass- 


ages 
/) : Quantity of heat lost per unit time from 
compressor case 


Since we are concerned herein with a compressible fluid, the 
values of the physical quantities associated with the fluid under 
(a) must be considered at both inlet and discharge from the 
compressor. 

In the interest of simplicity it is desirable to eliminate any of 
those quantities noted which have a negligible influence upon the 


HEAD, HORSEPOWER, EFFICIENCY 


Fic. 1 CoNnventTIoNAL Blower Curves 


(Performance at a high and a low speed is indicated by the solid and dotted 
curves, respectively. ) 


< 
n 
= 
8 


FLOW 


Fic. ConveNTIONAL CoMPRESSION-RaTIO PERFORMANCE 


(Performance at three different speeds is noted together with typical surge 
limit for a centrifugal compressor. This plot applies to one particular com- 
pressor at one particular inlet temperature only.) 


performance characteristics. Velocity at inlet and discharge can 
thus be discarded from the quantities defining fluid flow in ()), 
for we shall assume either that the compressor is inspiring and 
discharging from relatively large reservoirs, respectively, or that 
we define pressure as total pressure at inlet and discharge, thereby 
including the velocity component. 

Temperature may be omitted from the initial dimensional 
analysis since it is adequately defined by the two quantities den- 
sity and pressure. Likewise velocity may be conveniently ex- 
pressed only as a function of a linear dimension of the blower 
impeller and its rotational speed. 

It is reasonable to expect that some influence on compressor 
performance might result from aerodynamic distortions which 
do not follow obvious physical laws. For example, if compressor 
clearances change as a result of considerable temperature dis- 
tortion, then the resulting change in internal compressor leak- 
age will affect performance. If a nonuniform growth of shock 
waves is created through the approach to sonic velocity within the 
passages, or if operation is attempted at or near stall conditions 
such as are common to centrifugal compressors, then compressor 
performance will be affected. These factors will be discarded 
from this analysis by qualifying the compressor as one of conven- 
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tional rigid design in which temperature distortions, shock dis- 
tortions, and clearance changes are small, and by qualifying the 
performance presentation as intended only for the stable range of 
compressor operation. 

Finally, we shall discard the effect upon compressor perform- 
ance of heat lost from the blower case by assuming that any 
blower is operated under test conditions of temperature and heat 
transfer adjacent to the compressor similar if not identical to 
those under which performance prediction is to be made. Sub- 
stantiation for the omission of these variables in the manner 
noted will be borne out by the results obtained in applications 
of this analysis noted later and by a review of the test data and 
conclusions of reference (1).? 


DIMENSIONAL ANALYSIS 
The actual quantities in which we are necessarily interested are 
given in Table 1. 


TABLE 1 
Quantity 


QUANTITIES USED 
Definition 


IN COMPRESSOR ANALYSIS 


Dimensional units 
(m, mass; ¢, time; 1, length) 


M = mass of fluid inspired in unit time 
p, and p, = pressures at intake and delivery 
p, and p, = densities at intake and delivery 


= kinematic viscosity of fluid 


= ratio of specific heats of fluid (dimen- 
sionless) 


rate of rotation of compressor rotor 


linear dimension of compressor (im- 
peller diameter) 


power required to operate compressor 
less that dissipated in bearing fric- 
tion 


Subscripts 1 and 2 indicate conditions at compressor inlet and discharge, 
respectively. 


From the ten terms given in Table 1, the flow through the 
compressor is completely defined by the independent quantities 


M, Pr, Pi, ¥, k, D, N 
leaving as dependent quantities 


Pr, p2, P 


The three dependent quantities represent the performance data 
which must be presented in the form of performance curves. 

In order to develop a functional equation relating the perform- 
ance quantities for the many combinations of forces acting in a 
centrifugal compressor it is convenient to make use of the w theo- 
rem relating to mathematical functions. Any physical equation, 
if complete, expresses the relation between all of the different 
physical quantities which control the physical phenomenon in 
question. Let these quantities be designated as Q:, Q2 ... Q, 
if there be n kinds. If several quantities of the same kind appear, 
let these be represented by ratios with respect to one of them as 
Q,r’,r”. Then an equation may be written 


Ve Me) fav’, 


The ratios r are nondimensional and may be excluded only in 
such cases where we wish to restrict ourselves to geometrically 
similar systems. 

The x theorem of dimensional relationships states with re- 
spect to such quantities as follows: If a relation of f(Q:, Q2... 
Q,) = 0 exists among n physical quantities Q:, Qs, . . . Q, each of 
which is a function of m primary quantities (such as force, length, 
time, temperature), there is also a relation among m minus n 


? Numbers in parentheses refer to the Bibliograpy at the end of the 
paper. 


independent dimensionless products formed from the Q’s, (4). 

Now applying the + theorem to these ten quantities, we may 
build up the seven independent quantities into 7 — 3 = 4 non- 
dimensional quantities, taking care that each of the seven 
quantities enters at least once into the group of four. The three 
dependent quantities may then be converted to nondimensional 
form and each expressed as a function of the four independent 
nondimensional variables. 

In grouping these independent quantities, as many of the non- 
dimensional force laws of dynamical similarity should be repre- 
sented as possible. Where viscous forces, gravity (or accelera- 
tion) forces, or pressure forces are expected to exist, then Rey- 
nolds, Froude, and Mach criteria of dynamical similarity, respec- 
tively, should be represented and may be stated as follows (3): 

Dimensionless number Ratio of forces 
Inertia force 
Reynolds number R 
Froude law F 
Gravity force 
( Inertia force \'/2 

Pressure force 


Representation 


Mach number M 


Other similarity laws of Thompson, Cauchy, and Weber which 
are related to attractive forces, elastic forces, and surface tension 
forces, respectively, are obviously not applicable to the centrifu- 
gal compressor. 

Adding the following symbols to our nomenclature: 


= weight flow of fluid per unit time 
volume flow of fluid per unit time 
impeller-tip velocity 
area for flow 
velocity of sound in compressor fluid 
acceleration of gravity 
absolute temperature of compressor fluid 
compressor-impeller diameter 
absolute viscosity of fluid 
gas constant in perfect gas law 

( Total inertia force 


1 
/s 
Centrifugal inertia =) 


Then the following dimensional equations may be written rep- 
resenting the similarity laws 


V 
Aus 


v 


Since V « NDthen: R may also be expressed as 


_ 


“ND ND ND 


Since V, « J T and from the perfect gas law : =gRT then 
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M may also be expressed as 


ND 


The dimensionless quantity C is created here for use in place ot 
Froude’s law. Term C is defined in the nomenclature as a force 
ratio. Actually this is an expression of continuity of fluid flow 
within the compressor passages, the physical quantities in radial 
flow being thereby directly related to rotor angular velocity. 
Perhaps a name should be given to this dimensionless number. 
Froude’s law is not directly applicable to the centrifugal com- 
pressor because gravity forces, as such, are negligible when pump- 
ing a compressible fluid. 

Returning now to the development of nondimensional quanti- 
ties; from the independent quantities of Table 1 we can see 
that the requirements of the x theorem may be satisfied by four 
nondimensional quantities, three of which are from Equations 
{3], [5], and [7], respectively, and the fourth is singularly non- 
dimensional. These quantities are 


M ND? 
pND* \" 


Three nondimensional quantities may be developed from the 
dependent quantities of Table 1 by simple relations between 
discharge and inlet density and pressure, and between kinetic 
rotor energy of the fluid at impeller-tip velocity (7), as com- 
pared to power P, previously defined. These quantities are 


p2 MN*D* 
iP 
A dimensional equation which fully satisfies the dimensional 
analysis may now be written 
p? p2 MN*D? ND? 


[8] 


REDUCTION OF FUNCTIONAL QUANTITIES 


To make possible a simple plot of the relation between any 
one of the dimensiouless quantities such as pressure ratio on the 
left-hand side of Equation [8] and the dimensionless functional 
quantities on the right, it is desirable that the number of func- 
tional quantities be reduced by eliminating those not absolutely 
necessary to the analysis. The ratio of specific heats k may be 
deleted from the dimensional equation by qualifying the desired 
performance presentation to be applicable only to operations 
with the same fluid, the diatomic gases, or fluids of equivalent k 
value. The working fluid is of course generally air. Further- 

more — , Reynolds number, may be omitted from the dimen- 
sional equation because the viscous forces acting on the walls of 
centrifugal-blower passages are generally small in comparison 
with the centrifugal forces and pressure forces. In this respect 
the centrifugal compressor differs from the centrifugal fan. 
Omission of Reynolds number from the performance analysis 
can be well justified for centrifugal compressors which have 
smooth-surfaced passage boundaries in all operations above a 
Mach number of 0.25. For blowers with complicated guide- 
vane or return-flow passages this omission may be justified only 
above a somewhat higher value of Mach number. For cen- 
trifugal fans operating below a Mach number of approximately 
0.25 (tip velocities less than 10,000 fpm), a performance pres- 
entation which applies Reynolds number as a parameter rather 
than Mach number, should be adopted because viscous forces are 
therein generally predominant over compressibility forces. 


AUGUST, 1945 


Graphie presentation of the relations between remaining terms 
in Equation [8] can now be conveniently made by simply plot- 
ting values of any one of the dimensionless dependent quantities 
as a function of the two remaining functional independent quan- 
tities and using the other functional dependent quantity as « 
parameter. Examples of such presentation will be given. 

ALTERNATE QUANTITIES IN DIMENSIONAL EQUATION 

Certain alternate terms, as follows, may be developed ww 
those in Equation [8] which may be of special value in presenting 
compressor performance: 

1 An alternate term to the density ratio is the tempera 
ture ratio T,/7T; in conformance with the perfect-gas law. An 
other alternate is the term 7, the adiabatie temperature ef- 
ficiency. 

2 For various power ratios a number of components for th 
numerator or denominator are reasonable. One such component 
is the adiabatic compression energy, the power which would |. 
necessary for true isentropic or reversible adiabatic change 0! 
state of the gas. The adiabatie energy per pound of fluid miny 
be expressed as 


k D | 
P, = Vdp = RT, (” 1]. 

where F is the perfect-gas constant. Defining now the follovw- 
ing 

k-1 


y= —1/]... 
C,, ¢ = specific heats at constant pressure and constant volume, 
respectively 
J = mechanical equivalent of heat, a constant 
The total adiabatic power may then be expressed as 


PW = RTVYW 
Since for diatomic gases ¢, —e, = -andk = then 
PW = ¢,JT:YW............ 


The following components for the numerator or denominator 
of the power term are reasonable: 


(a) ¢,JT\YW, the adiabatic power 

(b) BP, blower-drive power less bearing friction 

(c) P,, blower-drive power including bearing friction 

(T:—T))¢, JW, actual temperature-rise power 


(e) , impeller energy or power 


Using these components in simplified fractional relationslips, 
we may define 


= n, adiabatie {13} 
P 

p= ™ mechanical efficiency. .......... {14 

adiabatic shaft-power efficiency... . (1° 

cpJTiYq 
= 7,, pressure-energy coefficient... ... 16} 


Obviously other combinations of the components (a), (>), ©; 
(d), and (e), are possible. 
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(Performance at three values of Mach number is noted. Presentation is 
dimensionally correct but uses quantities of indirect rueasure.) 
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fic.4 PERFORMANCE PLoT REFERRED TO 
INLET-Vo_UME Flow anp NuMBER 


Performance curves for three widespread values of Mach number are 
shown in typical form. Low, medium, and high values are noted 1, 2, 3, 
respectively. Presentation is dimensionally correct but uses quantities of 
indireet measure and is not readily determinate for speed due to use of speed 
quantities in more than one of the nondimensional coefficients.) 


3. For the compressibility term in Equation [8], which is 


ND Nie one alternate \ may be found from Equation [6] and 
Pr 


ND 
still another a/ from Equation [7]. 
T; 


4 For the remaining centrifugal forces term in Equation [8], 


Q 
which is ———, one alternate form .-— may be noted from 
piN Ds N Ds 
Equation [4]. Other forms which are dimensionless and still 


satisfy the x theorem in derivation of the term are 


M M N ; M M pL DN 3 Mp 
pips mD : vp,D’ pZ2N3D2 
MV MN?V pw 


>| 
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\ 
a“ 
= 
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COEFFICIENT OF FLOW 
np3 
hig. 5 Pressure-ENerGy PrrRroRMANCE REFERRED To 


INLET-VoLUME FLow anp NUMBER 


(Performance curves for three widespread values of compressibility parameter 

are shown in typical form. Low, medium, and high values of Mach number 

are noted 1, 2, 3, respectively. Quantities are of indirect measure and the 

form of flow coefficient is such as to cause confinement of curves in a some- 
what congested range.) 


Cc jt,yw 
Ps 


Ap ADIABATIC SHAFT POWER EFFICIENCY 


° COEFFICIENT OF FLOW Q 
np? 
hic. 6 PERFORMANCE PLoT REFERRED TO 


FLow AND NUMBER 
(Refer to notes under Figs. 4 and 5.) 


CURRENT Use or TreRMs IN DIMENSIONAL EQUATION 
In the design and testing of centrifugal compressors con- 
siderable use has been made of nondimensional quantities con 
forming to the manner of presentation which is shown in Figs. 
3, 4, 5, and 6. The dimensional equation for this presentation 
is as follows 


Pi ’ f, ’ 


e,JTi¥g 


c,J YW V 
V, 

All terms of this equation have been previously identified and 
substantiated. Explanation of the graphic presentation of 
Equation [17] is made under Figs. 3, 4, 5, and 6. 

A presentation of compressor performance in graphic form is 
shown in reference (1), conforming to the following dimensional 
equation 
P2 TiY 
Pr : T: Ti 


WwW N 


VE. 


... [18] 
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Substantiation of the first three terms has been made previously. 


W M 
For the latter two, —j—— may be derived from ————— where 
DV pi 


Ww 
— is substituted for M and then the constant g and di- 
g 


N 
mension D are omitted; and / — may be derived by omission of 
1 


D from the corresponding term in Equation [7]. 
In the same manner that D was omitted in the foregoing, use 


is often made of the term 


rather than nau and furthermore, 


a single ND curve rather than a multiple-curve parameter such as 


vy. is occasionally used. Regarding these forms, it must be 


noted that omission of the dimension D from the performance 
presentation is not incorrect but only prevents direct compari- 
son of results between compressors of different sizes. Omission 
of the compressibility parameter cannot be substantiated, how- 
ever, except for certain limited-range test work. 

Some serious disadvantages are present in these current 
methods of performance presentation. What is actually desira- 
ble is the following: 


(a) Use of measured quantities. 

(b) Use of rotational speed in only one functional quantity. 
(c) Clarity and spread of plotted results. 

(d) Well-defined limits of operation and surge. 


That these aims have not and cannot be achieved by the current 
methods has bared the need for improvement. 


FinaL CuHoIce OF TERMS FOR DIMENSIONAL EQUATION 


Density is measured through temperature and_ pressure. 
The effect of humidity on density is so small as to substantiate this 
substitution. Therefore the latter terms should be used in the 
graphic plots. Use of kinematic viscosity v, mass rate of flow 
M, and density p is not convenient. The directly measurable 
quantities on test (2) are W, pi, pe, T1, T2, N, and P, all of which 
have been defined previously. 

} Power P is not a directly measured quantity, since by our 
original definition, bearing friction is not included. It is to 
our advantage to use the factor P, denoting power to operate the 
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Fic. 7 Compression-Ratio PERFORMANCE PLot DEVELOPED FOR 
APPLICATION TO CENTRIFUGAL COMPRESSORS 


(Performance curves for three widespread values of compressibility parameter 
are shown in typical form. Typical uniform track of test points is also 
shown. Clarity results from spread of curves and use of measured values.) 
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compressor at the impeller shaft rather than power P, since in 
the prediction of operating characteristics for conditions other 
than those of test as well as in comparisons between different 
blowers, the actual torque and power, which can be tested and 
must be furnished by the drive, is of first importance. In other 
words, test results on a blower with poor bearings and high sea] 
drag should generally be made to show up to its disadvantage 
in the performance curves. It is to be noted that a small power 
error may be introduced if performance prediction is to be made for 
operations wherein the bearing fits, shaft-seal loads, and lubrica- 
tion temperatures are different than they are on test. It will be 
assumed here that the test does simulate these particular operat- 
ing conditions. Where slight differences cannot be prevented, 
the resulting influence on power input is still very small. 

The flow coefficient or abscissa of the performance plot should 
not contain the quantity NV, since speed of rotation is the primary 
variable in centrifugal-compressor operation. Of the available 
forms previously noted for this term only the nondimensional 


M 
quantity ——— is free of N and». This quantity may now be 
DV 


easily converted to include only the desired measured quantities 


r 


——, The fact that V has been eliminated 


gD*p, 


in this flow coefficient results from the following derivation 


_ 
so that the result is 


Q ND 
W ND 

= 
pgND* 4/7, 
ND 
pgND*  V/T, 


gD*p, 


The constant g may be omitted for simplicity. A final dimen- 
sional equation in the desired form for compressor performance 
presentation may be written 
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Fic. 8 TeEMPERATURE-PERFORMANCE PLot FOR AP- 
PLICATION TO CENTRIFUGAL COMPRESSORS 
(Refer to note under Fig. 7.) 
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COMPRESSOR-PERFORMANCE PLOT 


Shown in Figs. 7, 8, and 9, are the characteristics curves of a 
typical centrifugal supercharger presenting quantity relations 
in the form shown in Equation [20]. These curves were de- 
veloped from actual test data on a typical centrifugal super- 
charger. 

One particular reason for the clarity of curves in the form of 
Figs. 7, 8, and 9, is the spread of values of the flow coefficient 
produced through multiplication by Mach number as noted in 
Equations [19]. The units, constants, and definitions which have 
been used in this performance presentation are shown in the 
following: 


po = 29.92 in Hg, absolute pressure of standard atmosphere 
pi = absolute value, in. mercury, of total pressure at com- 
pressor inlet 
~p2 = absolute value, in. mercury, of total pressure at compres- 
sor discharge 
T,) = 459.6 F absolute temperature of standard atmosphere at 
sea level 
T, = absolute temperature deg F of fluid at compressor inlet 
T; = absolute temperature deg F of fluid at compressor dis- 
charge 
k = adiabatic exponent = - = 1.3947 for ‘“‘normal air’ (5) 
k—1 
and——— = 0.283 
k 
cp = specific heat at constant pressure, Btu per lb per deg F 
= 0.243 ‘normal air’ (5) 
Y= | (”:) — | ratio of temperature rise to absolute 
temperature in adiabatic compression 
W = weight of fluid inspired, lb per min 
P,’ = shaft horsepower 33,000 
D = impeller diameter, in. 
N = impeller speed, rpm 
g = acceleration of gravity, 32.2 fpsps 
J = 778 ft-lb per Btu, the mechanical equivalent of heat 
V = impeller-tip velocity, fps 


From the constants and definitions given the following power 
terms may be reduced for general reference when air is the fluid: 


Cp JT; yw 
Ps 


ADIABATIC SHAFT POWER FFFICTENCY 


FLOW COEFFICIENT ah 


Fic.9 Power PERFORMANCE PLor DEVELOPED FOR APPLICATION TO 
CENTRIFUGAL COMPRESSORS 
(Refer to note under Fig. 7.) 
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T,YW 
Adiabatic horsepower = a = 0.00573 T:YW. . (21) 
(T: — 
A h = 
ctual temperature-rise horsepower 33,000 
= 0.00573 (T; — T,)W.......... (22) 
WN?D?*x? 
Impeller horsepower 124960? 33,000 1.80 X 10-"WN?2D 
[23] 
ffici 3.18 K 10° 60837,Y 
Pressure-energy coefficient, 7, = 
[24] 


The following power-efficiency equation may be reduced for 
evaluation of compressor power requirements from Fig. 9 


0.005737, YW 


[25] 


Adiabatic shaft horsepower efficiency, 7, = 


A CoMBINED PERFORMANCE PLorT 


A number of additional advantages may be obtained in the 
compressor performance plot if the characteristics shown in 
Figs. 7, 8, and 9, can be consolidated into one chart. This may be 
accomplished, as shown in Fig. 10, by plotting the adiabatic 
shaft-power efficiency and adiabatic-temperature efficiency as 
contours on the compression-ratio performance chart. Individ- 
ual contours for temperature and power efficiency may be 
shown, but these two functions have been found so similar in 
pattern and position that single contours with dual evaluation 
have been considered more practical. 

As an example of typical use of the performance chart in Fig. 
10, assume that inlet and discharge pressure, fluid-fiow rate, 
fluid-inlet temperature, and impeller diameter are known; find 
the required speed, power, and the discharge temperature. From 
the compression ratio and flow coefficient a point may be located 
on the chart which by interpolation between compressibility 
parameters defines the required speed. From the adiabatic ef- 
ficiency contour T; may be found by the equation 


tone 


Values of Y, Equation [10], may be most conveniently evaluated 
for any given compression ratio by the tables developed in refer- 
ence (5). From the adiabatic shaft-power-efficiency contours, 
drive horsepower may be found by the equation 


0.005737, W 
Ns 


Drive torque, in inch-pounds, may be found from the equation 


12 X 33,000 P,’ 3617,YW 


Torque = 


Characteristics curves on the combined performance chart are 
confined only within the following bounds: (a) To the surge 
stability limit on the left; (6) to the minimum compression 
ratio for unloaded conditions along the bottom; (c) to the maxi- 
mum speed along the top; and (d) to the maximum power or 
torque on the right in Fig. 10. 


CONCLUSION 


The methods of performance presentation in terms of non- 
dimensional relationships discussed in this paper apply particu- 
larly to centrifugal compressors or superchargers, but it may be 
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PI 


COMPRESSION RATIO 


FLOW COEFFICIENT 


VT, 
2 
D Py 


Fig. 10 CombBinep PERFORMANCE PLoT DEVELOPED IN PareR FOR APPLICATION TO CENTRIFUGAL COMPRESSORS 


(Performance in combined form is shown for a typical centrifugal compressor. The advantages of performance presentation in this form are obviou- 

From {this one chart the speed, power, and temperature relations may all be determined. Power- and temperature-efficiency contours are combined 

and noted by P and T, respectively, but may be shown separately when so desired. Nomenclature is as follows: N = rpm; D = impeller diameter, 
in.; W = fluid flow, lb per min; »: = inlet pressure, in. Hg; p2 = discharge pressure, in. Hg; 7: = inlet temperature, deg F abs.) 


reasonable to assume that application to other types may in 
certain cases be desirable and permissible. This presentation is 
perhaps most useful in conjunction with the aeronautical sciences 
where operation and orientation of performance with respect to 
peak efficiencies yields the greatest returns. Use of the combined 
performance chart may prove particularly useful in correlat- 
ing performance of centrifugal superchargers with that of depend- 
ent or semidependent systems such as supercharger power drives, 
supercharged cabin pressures, engine-manifold pressures, and the 
like. 

Since conditions in test commonly differ from those in actual 
operation and the inlet conditions encountered are so often 
variable over a broad range, it is increasingly important for the 
compressor designer-manufacturer submitting his product for 
use in these specialized fields to present performance information 
in a form which makes possible a precise analysis of performance 
suitability and drive requirements. It is desirable that future 
work on blower standards and test codes should eventually be 
extended to include consideration of these conditions. 
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A Pneumatic Piston-Ring Gage for 
Radial-Pressure Measurement 


By P. G. EXLINE,' PITTSBURGH, PA. 


This paper describes an instrument for indicating the 
radial pressure distribution of piston rings. The piston 
ring is supported at eighteen equally spaced points by flat- 
faced pins located around the circumference of a circle of 
the same size as the engine cylinder. The force exerted 
on each pin by the ring is measured by a self-balancing 
pneumatic device which simultaneously indicates all the 
forces on a row of eighteen manometers. The rapidity 
with which the measurements can be made makes the 
instrument suitable for production inspection. 


HE principal functions of piston rings in internal-combus- 

tion engines are to prevent passage of combustion gases 

past the piston and to control the flow of lubricating oil 
trom the crankease to the combustion chamber. In the develop- 
ment of high-output engines, the piston ring is sometimes the 
limiting factor in increasing the power, since failure of the ring 
itself will cause failure of the entire engine. Much work is being 
done to improve the performance of piston rings, and one of the 
fundamental research problems is that of determining the opti- 
mum radial pressure which should exist between the piston ring 
and the eylinder wall. As part of this research, it is necessary to 
have an instrument for measuring this pressure for any given 
ring. This paper describes an instrument which was developed 
for this purpose. 

Very little work on ring wall-pressure instruments has been 
described in the literature, although several different types have 
been constructed for experimental work.? In general, the ring 
is supported in a cylinder of the same bore as the engine cylinder 
and a force applied at a point on the ring just sufficient to lift it 
from the surface. The ring is then rotated several degrees and 
the measurement repeated. A polar diagram of the observa- 
tions as a function of their angular location on the ring will then 
give a characteristic pattern of that ring, called the ring pattern. 
It is quite 
slow, making the time to examine a production lot of rings pro- 
hibitive. It requires both force and displacement measurement, 
the displacement measurement being tedious because of the small 
magnitudes involved. 


Such a method suffers from several disadvantages. 


OpERATION SPEEDED BY INSTRUMENT MEASURING AIR PRESSURE 


The device described in this paper combines the force and dis- 
placement measurement into a single measurement of air pres- 
sure. Air at constant pressure enters a cylindrical chamber 
through a fixed orifice. The end of the chamber is machined to 
4 narrow edge and is closed by a flat disk which transmits the 
force, developed by the air pressure against its inner face, to a 
point on the piston ring under examination. The piston ring 
will then deform elastically, causing the disk to separate a dis- 
tance h from the end of the chamber. Equilibrium is established 
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when the opening of the annular orifice is such that the air flow 
through it is equal to that through the fixed orifice. The pressure 
drop across the fixed orifice is then P, — P, where P, is the source 
pressure and P the back pressure. The drop across the annular 
orifice is P — P 4, where P’, is the atmospheric pressure. 

The piston-ring gage is composed of a heavy ring with eight- 
een measuring units radially mounted in it at 20-deg intervals. 
A cross section through one of the units is shown in Fig. 1. The 
piston ring 1, is mounted in the gage ring 2, which is bored to an 
inside diameter equal to that of the engine cylinder in which the 
ring is used. The body of the measuring unit 3, is mounted in 
a radial hole in the gage ring. The open end of the chamber is 
closed by the valve 4, whose stem is guided in an axial hole 
drilled in the measuring-unit body. Constant-pressure air en- 
ters at 12, passes through the three-way cock 7, and the fixed 
orifice 5, before entering the chamber. Force is transmitted 
to the piston ring through a steel ball and pin 10. Pressure in 
the chamber is measured by a mercury manometer attached at 11. 
Radial location of the measuring unit is obtained by the differen- 
tial screw 6, and fixed by the clamping screw 13. 

The ends of all pins are ground flat and perpendicular to the 
axis of the pin. This permits examination of aircraft-engine 
rings which have the outer face formed into a single or double 
cone of small angle. Use of a spherical ended pin, in this case. 
would require extreme exactitude in the vertical positioning of 
the piston ring. 

A view of the instrument is given in Fig. 2. Air from the line 
is passed through an air regulator and cleaner and then into a 
manifold located under the table top. From this manifold, 
eighteen lines lead to the measuring units in the gage ring. The 
corresponding manometers for indicating the chamber pressures 
are mounted against a ruled board behind the gage ring. The 
pressure gage indicates the source pressure in the manifold. 

The measuring units are numbered 1 to 18 clockwise around 
the ring, beginning at the point nearest the operator. The 
manometers are numbered correspondingly, beginning at the left. 
The ring under examination at the time the view, Fig. 2, was 
taken was located with its gap midway between units 1 and 18. 
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. Fig. Piston-Rinc GAGE IN OPERATION 


Tue INSTRUMENT IN USE 


The first step in preparing the instrument for use is to adjust 
the position of the measuring units so that ends of the pins 10 
are all equidistant from the center of the gage ring when all slack 
is taken up. There are two methods of doing this. A solid disk, 
accurately ground to the cylinder diameter, can be placed in the 
gage ring and all units adjusted to give the same reading on the 
manometers. Next, a piston ring having a mark scribed opposite 
the gap can be placed in the gage with the mark lined up with one 
of the measuring units. That unit is then adjusted to give an 
arbitrarily chosen pressure on the manometer. The ring is 
then rotated 20 deg, and the adjacent unit adjusted to give the 
same pressure. This process is repeated until all units have been 
adjusted. This first adjustment is made with air flowing through 
all units. It is necessary to repeat the entire procedure one, or 
preferably two times, as a change in the position of one unit will 
influence the ring force on the adjacent units. 

The choice of proper initial adjustment will depend on the 
area of the valve face exposed to the pressure, the area of the pri- 
mary orifice, and the magnitude of the source pressure. It is 
necessary that the ring be entirely supported during a measure- 
ment by the eighteen pins. If it touches the cylinder wall at one 
or more points, part of the radial force will be exerted against the 
gage ring and false readings will result. 

In order to measure the lift of the valve under different loads 
and with a range of source pressures, one of the measuring units 
was mounted with its axis in a vertical position so that a known 
force could be applied to the embedded ball, and the movement 
of the valve could be observed. The details of this arrangement 
are shown in Fig. 3. The measuring unit 1 was rigidly clamped 
to a fixed support. A beam 4, balanced on the ball 5 supported 
a weight pan suspended below the unit. A bridge 9, was rigidly 
attached to the valve head and passed over the beam. One leg 
of a three-legged optical lever rested on the center of this bridge. 


AUGUST, 1945 


The other two legs rested on two posts rigidly attached to the 
fixed support. The three legs were made by pressing three stee| 
balls into a steel bar to form an isosceles triangle, the ball at the 
apex resting on the movable bridge. The two balls resting on the 
fixed posts were about 3 in. apart while the other was 0.2 in. from 
the line joining their centers. A plane mirror 14% reflected light 
from a scale 289 in. away to a telescope mounted vertically 
above. The magnification was such that a lift of 13.6 « 10°¢ 
in. of the valve was equivalent to 1 mm change in scale reading. 
That part of the weight of the optical lever which rested on the 
bridge was considered as part of the total load. Air was applied 
through the tube 7, of the same length as used in the instrument, 
and an effort was made to duplicate all other conditions. 

Results of some of the measurements are shown in Figs. 4, 5, 
and 6. All the data in Fig. 4 were obtained with a source pres- 
sure of 15 psi, with six fixed orifices ranging from 0.0135 in. diam 
to 0.0860 in., and with loads of 1.24, 2.74, 3.74, 4.74, 5.74, and 
6.74 lb. In Figs. 5 and 6, the source pressures were 20 and 55 psi, 
respectively, the same orifices and loads being used. 

The inside diameter of the counterbore in the end of the meas- 
uring unit was 0.796 in. to give an area of 0.500 sq in. The valve 
seat was of finite width averaging 0.016 in., so that pressure over 
the area of the seat would also help support the weight. The 
total area including that of the seat was 0.538 sq in. It would be 
expected then that the pressure necessary to support a weight w 
would lie between w/0.500 and w/0.538. In general, the data 
indicated that the effective area was but slightly greater than 
0.500 sq in. 

With the larger orifices and at the higher source pressures, there 
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appears to be a tendency for the effec- 14 - 

tive area to become less than 0.500 

sq in. The cause of this cannot be 7 ra " 

stated with much assurance, but it is 12 ; N - 

thought that the air flow in the cham- - 

ber is such that the manometer no " 7 T- N \ \ 

longer indicates the true average pres- 10 . ie \ \ 

It is quite evident that with the * thy a = \ \ \ \ \ 

0.0135-in. orifice some of the back pres- ® ; 


sures indicated are substantially less 
than those necessary to support the 
loads, Figs. 4 and 5. Since the dis- 
crepancies occurred with valve lifts 
between 25 and 75 microinches, it is be- 5 | 

lieved that the valve was not entirely , FIG. 4 \ \ \ 
separated from the seat and that part K \ \ 
of the load was carried by the seat. 
The valve had been lapped to the seat ae ce 
with fine abrasive, but annular ridges 
of that order of magnitude had been ' 
left on both parts. It is also possible 
that a slight warping of the valve head 
or a cocking of the entire valve could 
place part of the load on the seat at Fic.4 Vatve-Lirr Measurements 15 Pst Source Pressure 


| W--- + 7 


BACK PRESSURE - PS! 
= 


ORIFICE 0135 0200" 043 0625) .086” 


10 20 30 40 60 80 00 200 300 400 600 1000 2000 4000 10,000 
VALVE LIFT -IN. x 108 


low lifts. If the valve were cocked by 

an amount of 0.002 in. per ft, one edge of the valve could rest on ror. The valve lift varied from 780 microinches at 13.2 psi to 3400 
the seat with the center lifted 75 microinches. microinches at 2.5 psiback pressure. This curve can be used to find 
The instruments which were placed in use prior to the date of — the values of valve lift for each unit in a piston-ring gage from 
preparation of this paper were provided with 0.0625-in. orifices the observed manometer readings. However, such values will 
and have been used with source pressures from 15 to 25 psi. not indicate the actual radial movement of the piston ring unless 
These conditions were chosen somewhat arbitrarily, and the valve- _ the valve is closed when the end of the force-transmitting pin, 10 
lift measurements were made with different orifices to determine __ in Fig. 1, is tangential to the surface of the gage ring. In gen- 
if other orifices and source pressures would be likely to provide _ eral, the initial setting of the measuring unit leaves a small clear- 
better operation. ance between the valve and seat which can be determined only 
by placing a solid cylindrical plug in the gage ring with no clear- 

ance and applying the air. 
Referring to Fig. 4, it can be seen that the back pressure, with During the measurement shown in Fig. 2, the back pressure was 
the 0.0625-in. orifice, was proportional to the load with little er- approximately 5 psi at points 7, 8, and 18. Since this was made 
with a source pressure of 20 psi, Fig. 5 
4 rm T T wer, must be used to determine that the 
| valve lifts were 2800 microinches. At 
" if \ \ point 16, the back pressure was 2.6 psi 
12 - corresponding to a valve lift of 3800 
--+-f---- | + microinches. Point 16on the piston ring 


ReEsuLTs oF TESTS 


\ \ was then forced in toward the center 

>! ; 1000 microinches farther than points 7, 

| --+ 8, or 18. The reason for the greater de- 

Tt . \ \ \ flection at point 16 was that the elastic 

stiffness of the segment of piston ring 

3.74" resisting this pin was less than that of 

\ \ \ \ the segment at point 8, for example. 

\ J The indications are thus a function of 

; s the stiffness of the various ring seg- 

ments and give the characteristic ring 
FIG.5 \ \ \ \ \ pattern. 

ALVE LIFT MEASUREMENTS WITH \ | \ \ ." om Had it been possible to measure the 
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20 PS! SOURCE PRESSURE 
force at point 16 with no greater def- 
| ormation than occurred at point 18, 

| ORIFICE | 043" 0625" 086" the indication would have been less 

+ than that actually observed since the 

P | | elastic force continued to increase dur- 
0 20.30 40 60 80 100 200 300 400 600 1000 2060. +4000 10,000 ing the additional 1000-microinches de- 
Se ae flection. It is obvious that ali observa- 

Fic.5 Vatve-Lier Measurements WirH 20 Pst Source Pressure tions are in error by the amount of the 
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deflection at each point multiplied by the ring stiffness at the 
corresponding point. 

The valve-lift measurements show that the rate of change of 
force with deflection is a function of the source pressure and the 
primary orifice size. With a 15-psi source pressure and the 
0.0200-in. orifice,a deflection range of 350 microinches will indicate 
a load range from 1 lb to 5 Ib. If the source pressure and orifice 
were to be increased to 55 psi and 0.086 in., respectively, the same 
load range would require a deflection range of 8400 microinches. 
The average sensitivity in the first case would be 24 times that in 
the second case. 

Two factors mitigate against the use of conditions which would 
give the maximum possible sensitivity. As explained previously, 
it is necessary to deflect the ring enough to lift it entirely clear 
of the gage-ring wall or the readings will be markedly in error. 
Then too the sensitivity must not be so great as to destroy the 
ability of the instrument to repeat readings with reasonable 
accuracy. 

When a ring is lifted entirely clear of the wall, a force applied 
at any point on the inner surface of the ring will cause an increase 


quantitative test of this condition is to balance the components 
of the indicated forces perpendicular to a diameter drawn across 
the ring. If the ring is not resting against the wall, the sum of 
these components on one side of the diameter should equal the 
sum of the components on the opposite side. This balance 
should hold whether the diameter is taken through the ring gap or 
through any other point on the ring. In Table 1 is shown a 
series of measurements made on a ring placed with its gap midway 
between points 1 and 18. The first column gives the observed 
radial forces at the 18 points. Column 2 shows the component- 
of these forces perpendicular to a diameter drawn through the 
ring gap. The remaining columns show the components per- 
pendicular to diameters originating at multiples of 20 deg from 
the gap up to 160 deg. At the bottom of each column are shown 
the sums of the components on each side of the corresponding 
diameter and the difference between these sums expressed as 
percentage of their mean, 


ACCURACY OF INSTRUMENT 


As a test of the reproducibility or accuracy of the instrument, 


in the indications of the adjacent measuring units. A more a series of measurements was made on a single ring with the gap 
TABLE 1 FORCE BALANCE®* 
Measuring Radial -—— --~- Point of origin of diameter from ring gap 
unit force, lb 0° 20° 40° 60° 80° 100° 120° 140° 160° 
1 2.60 0.452 0.452 -1.300 ~1.991 -2.441 —2.600 —2.441 —1.991 —1.300 
2 1.85 0.925 0.322 —0 322 —0.925 1.416 —1.737 —1.850 —1.737 —1.416 
3 2.40 1.838 1.200 0.417 0.417 1.200 —1.838 —2.253 2.400 —2 253 
4 1.65 1.551 1.265 0.825 0.287 4), 287 —0.825 —1.265 —1.551 —1.650 
5 1.35 1.350 1.269 1.035 0.675 0.235 —O0. —0.675 —1.035 —1.269 
6 1.05 0.987 1.050 0.987 0. 805 0.525 0.182 —0. 182 —0. 525 —0. 805 
7 1.10 0.842 1.034 1.100 1.034 0.842 0.550 0.191 —0.191 0. 550 
8 1.55 0.775 1.188 1.456 1 550 1.456 1.188 0.775 0. 269 —0. 260 
9 3.10 0.538 1.550 2.374 2.910 3.100 2.910 2.374 1.550 0.539 
10 3.45 —0.600 0.600 1.725 2.641 3.240 3.450 3.240 2.641 1.725 
11 2.35 —1.175 —0.408 0.408 1.175 1.800 2.210 2.350 2.210 1.800 
12 1.75 —1.340 —0.875 —0.304 0.304 0.875 1.340 1.644 1.750 1.644 
13 1.50 —1.410 —1.149 ~0.750 —0. 260 0.260 0.750 1.149 1.410 1.500 
14 1.35 —1.350 —1.268 —1.035 —0.675 —O0.235 0.235 0.675 1.035 1.268 
15 1.15 —1.080 —1.150 —1.080 —0.881 —0.575 —0.198 0.198 0.575 0.881 
16 1.05 —0.805 —0. 987 —1.050 —0 987 —0.805 —0.525 —0.182 0.182 0.525 
17 1.55 —0.775 —1.187 —1.456 —1.550 —1.456 —1.187 —0.775 —0. 269 0.269 
18 3.60 —0.626 —1.800 —2.756 —3.380 —3 .600 —3.380 —2.756 —1.800 —0.626 
+ 9.258 9.478 10.327 11.381 12.333 12.815 12.596 11.622 10.151 
— 9.161 9.276 10.053 11.066 12.015 12.525 12.379 11.499 10. 138 
Per cent 
deviation 1.05 2.15 2.69 2.81 2.61 2.29 1.74 1.06 0.18 


* Ring No. 13, Pratt & Whitney Aircraft 28356-A; 


5.75 in. diam. Ring gage No. 6, '/16 in. orifices; 


22 psi source pressure. 


WF 
| 
| 
| 
" 
Fe 
| 
- 
pas: 
| 
: 
i 
i 
‘ 
~ 
Cha 
At 


TABLE 2) REPRODUCIBILITY ThstT? 


NManometer Ring position - 
no. 3° 8’ 6’ 10° 11’ 12’ 13 14’ 15’ 16’ 18’ 
1 4.2 3.8 4.8 3.6 De 2.3 2.1 3.2 6.2 6.7 46 3.3 2.8 2.6 2.3 2.3 2.7 4.8 
2 4.8 3.7 5.4 3.8 2.9 2.4 2.4 3.3 6.5 6.9 4.7 3.6 3.1 2.8 2.4 2.5 3.0 48 
3 4.3 3.6 5.1 3.6 2.8 2.3 2.2 3.3 6.2 6.9 4.8 3.4 3.1 2.9 2.4 2.4 2.8 4.9 
4 3.8 3.0 4.5 3.5 2.4 2.0 2.0 2.8 5.6 6.7 4.3 3.1 2.6 2.5 2.2 2.0 2.5 4.1 
5 4.3 3.4 4.6 3.7 2.9 2.0 3.1 3.1 5.8 6.8 4.7 3.4 3.0 2.7 2.4 2.3 2.6 47 
6 4.2 3.4 49% 3.7 2.8 2.2 2.0 3.2 6.2 6.9 5.0 3.4 2.9 2.8 2.3 2.4 2.8 4.4 
7 4.3 3.3 47 3.7 2.8 2.2 2.2 3.1 5.9 6.8 4.7 3.6 3.0 2.8 2.4 2.3 2.9 44 
s 44 3.3 4.6 3.9 2.9 3.1 2.1 3.1 6.3 6.7 4.9 3.4 3.1 2.2 2.3 2.3 2.2 4.9 
4 4.3 3.5 4.7 3.6 2.9 2.3 2.2 3.2 5.4 6.5 4.7 3.6 3.0 2.9 2.3 2.4 2.9 4.6 
10 4.1 3.3 4.7 3.7 3.7 2.3 2.2 3.2 5.9 6.49 4.4 3.4 3.1 ae 2.4 2.3 2.9 4.8 
11 4.0 3.1 4.5 3.6 2.6 1.9 2.0 2.9 6.1 6.7 4.8 3.1 2.8 2.6 2.1 2.1 2.6 4.6 
12 4.2 3.4 44 3.6 2.9 2.2 2.0 3.0 6.1 6.8 4.6 3.5 2.9 2.2 2.3 2.2 2.9 4.5 
13 4.2 3.3 4.6 3.4 a:¢ 2.2 2.0 3.0 5.6 6.4 4.6 3.3 3.0 2.7 2.3 2.2 2.6 4.8 
14 4.4 3.3 4:7" 3.6 2.6 2.1 2.1 3.0 6.2 6.9 4.9 3.3 2.8 2.8 2.3 2.3 2.7 4.5 
15 4.5 3.6 4.7 3.7 3.0 ye 2.3 3.2 6.0 6.9 5.0 3.6 3.0 2.8 2.5 2.5 4 6 
16 4.2 3.2 44 3.6 2.8 2.2 2.0 3.1 5.9 6.8 4.4 3.4 2.8 2.6 3.2 2.3 2.7 5.0 
17 4.5 3.6 4.7 4.0 2.9 2.3 2.3 3.2 6.4 7.0 4.8 3.2 3.0 2.8 2.4 2.4 3.0 4.9 
18 4.4 + Sy €.7 3.8 3.1 2.5 2.5 3.5 5.9 6.6 4.8 3.5 3.0 2.9 2.6 2.6 3.0 47 
Total 76.9 61.4 S55 6601 50.4 30.7 38.7 56.4 109.0 122.4 84.7 61.1 53.0 49.3 42.1 41.8 50.2 S40 
Average 4.3 3.4 4.7 3.6 2.8 2.2 2.3 3.1 6.0 6.7 4.7 3.4 2.9 2.7 2.3 2.3 2.8 46 
2 Ring No. 13, Pratt & Whitney Aircraft 28356-A; 5.75 in. diam. Ring gage No. 6, '/16 in. orifices; 22 psi source pressure, 
Manometer readings in lb per sq in, 
TABLE REPRODUCIBILITY TEST; DEVIATIONS FROM MEANS? 
Manome- Ring position- — 
ter no. 1’ 3° 4’ 5’ 6’ x’ 9’ 10° 12’ 13’ 14’ 15’ 16’ 17’ 18’ 
1 | o4 ol oo oo ol 0.0 | ol O.1 0.1 0.0 0.0 0.1 0.2 
2 0.2 0.3 OF 0.2 0.2 O38 0.2 0.2 0.2 0.2 O.1 0.1 0.2 0.2 0.2 
3 oo “oe o4 oo oo 0.2 0.2 0.1 0.0 0.2 0.2 0.1 0.1 0.0 0.3 
4 Os od 0.2 ol 0.2 ol 0.4 Os 3 0.2 0.1 0.3 —0.3 O.5 
5 a0 ol oo 0.2 0.1 0.0 0.0 0.0 | 0.0 —0.2 0.1 
6 ol 0.0 | | 0.2 0.2 0.3 0.0 0.0 0.0 0.1 0.0 —0.2 
7 | | oo ol | 0.1 0.0 0.2 0.1 0.0 0.1 0 2{ 
ol “ol oo oo 0.3 0.0 0.2 0.2 0.0 0.1 0.3 
oo ol oo Ooo ol 0.1 4.2 0.0 0.2 0.1 0.0 
or ool ol ol ol 0.2 0.0 0.2 | 0.0 0.1 0.2 
03 0.3 oo 0.2 0.3 ol 0.2 0.0 0.3 0.1 0.1 0.2 0.2 0.2 0.0 
12 Ol oo Os | oo 0.1 ol 1 0.0 0.0 ol 
13 | | | Ooo | | 0.2 0.1 0.1 0.1 0.2 
14 | Ol oo ol ol O.2 0.2 0.2 0.1 0.1 0.0 0.0 
15 0.2 oe oo oo o2 | 0.0 0.2 0.3 0.2 0.2 0.2 0.1 0.0 
16 ol oe 0.2 oo Ooo oo | 0.1 0.1 0.3 O.1 0.0 0.1 0.4 
17 ol oo ol | | 0 0.3 ol 0.2 0.1 0.1 0.1 0.2 0.3 
1s | oo oe 03 o4 ol | ol 0.3 0.3 0.2 


® Root-mean-square value of all deviations, 4.96 per cent, 


successively located between cach two adjacent measuring 
points. In this manner, each unit is used to measure the force 
at each of 18 points on the ring. The observations are tabulated 
as shown in Table 2. The numbers in the first column indicate 
the measuring units and the primed numbers at the column heads 
indicate points on the ring. Each value in a®column then indi- 
cates a separate measurement of the force on the same point on 
the ring. If the assumption be made that the mean of these ob- 
servations indicates the true value of the force at this point, de- 
Viations from this value can be secured by subtraction as shown 
in Table 3. The root-mean-square value of all the deviations, ex- 
pressed as a percentage of the average force, is used as a measure 
of the reproducibility of the instrument. In the case of the ring 
shown this was 4.96 per cent. 

Errors in the operation of the instrument can be eaused by im- 
proper initial adjustment, variation in the size of the primary 
orifices, variations in the variable orifices, friction in the valve 
guides and gage pins, the presence of dirt on the ring or gage-ring 
wall and variations in the source pressure. By exercising reason- 
able care in initial adjustment and supplying clean air the instru- 
ment will operate with satisfactory accuracy for the selection of 
rings of a given ring pattern and for production inspection when 
a given pattern is to be met in manufacture. 

One use of the instrument is demonstrated in Fig. 7. This 
shows the ring pattern of a Caterpillar Diesel ring before and 
after a run of 486 hr duration in a single-cylinder engine. The 
engine bore was 5°/, in. and the ring was located in the top groove 
of the piston. This figure shows a high initial tip pressure which 
was substantially reduced during the test. 

The instrument is not limited to a single-size ring as a spacer 
ring can be placed inside the gage ring to accommodate smaller- 
diameter piston rings. In the one constructed in this manner, 
the bore of the gage ring was 5*/, in. The spacer ring was made 
to fit this with a metal-to-metal fit, while the bore was ground 
to 5!/. in. diam. Radial holes were drilled to match those in the 
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gage ring. Two sets of pins differing in length by '/s in. were 
provided since the travel of the measuring units could not ac- 
commodate the radial adjustment necessary when changing 
from one size of ring to the other. 
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Discussion 


Beuun.* This paper describes a noteworthy con- 
tribution to the increasingly important problem of production 
measurement of piston-ring radial pressure. For quite some 
time those working with piston rings have been of the opinion 
that a better method than the measurement of diametral tension 
was needed to determine the true radial pressure of piston rings. 
It is felt, however, that further refinements of the instrument 
and procedure for its application are necessary before it is suita- 
ble for use in research on piston rings. 

The author has described two methods of preparing the in- 
strument for use, and in that connection the writer would like to 
mention certain facts. Because the initial setting of the force 
pins is of such great consequence to the final accuracy of the force 
measurements, it is important that this initial setting be very 
carefully considered. The first method of preparation de- 
scribed will result in locating the force pin at the nominal radius 
when the forces acting on the pin during measurement of piston- 
ring forces are equal to the forces acting on it during the initial 
positioning of the force pin. At forces of different magnitudes, 
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the force pin will not be at the nominal radius because the indi- 
cated force, as measured by the back pressure, is a function of the 
gap created between the disk and the cylindrical chamber. 

The second method of preparation described will locate the 
force pin equidistant from the center of the gage, but the pin will 
not be located at the nominal radius during measurement of 
piston-ring forces, because this second method of positioning 
the force pin initially requires that the piston ring be deflected 
away from the ring gage whose internal diameter is the nominal 
diameter. 

The author states that all observations are in error by the 
amount of the deflection at each point multiplied by the ring 
stiffness at the corresponding point. This statement is true 
only if the force pin was initially set at the nominal radius. If 
the second method of preparing the instrument for use is used, 
then all observations are in error by the amount of deflection at 
each point from the nominal radius multiplied by the ring stiff- 
ness at the corresponding point. If the force pin is not initially 
set at the nominal radius, this differentiation of deflection must 
be made because all observations are in error by an amount 
greater than indicated by the author’s statement or the calibra- 
tion curves. 

In regard to the apparent change in the effective area of the 
disk acted on by the air pressure when larger orifices and higher- 
source pressures are used, the writer would like to mention the 
following: 

If h is the back pressure, G the area of the fixed orifice, S the 
area (annular) of the variable orifice, 5; and 52 the coefficients of 
contraction for the orifices, o the air density assumed constant, 


then 
o GV 2g(H — = oS 


and simplifying* 


H 
S? 


Hence, for a change in orifice size, the effective area in all proba- 
bility does not change but the ratio of > likely does. 
1 


For the movements of the disk involved during measurement 
of radial force, it should be noted that the flow of air through an 
annular orifice at the end of the duct varies almost linearly with 
the displacement of the disk. This linear relationship, however, 
holds true only for displacements of the disk greater than some 
ten thousandths of an inch and less than some thousandths of an 
inch. Fig. 8 of this discussion is a typical curve for an instru- 
ment which operates on the same principle showing the displace- 
ment of the disk under different loads. For smaller displacements 
and for relatively large displacements, the relationship is not 
linear because of the preponderant presence of an air layer in 
which the speed varies independently of gap created between the 
disk and the cylindrical chamber. 

Table 1, column 1, of the paper gives the radial forces of 18 
points of a 5.75-in-diam Pratt & Whitney aircraft piston ring, 
and Table 2 also gives radial forces of 18 points of the same ring. 
Fig. 9 of this discussion is a plot of the radial forces given in these 
tables and shows that the force patterns are similar but that the 
individual forces are of different magnitudes. It is believed that 
this difference is due to the fact previously mentioned, namely, 
that in the initial positioning of the force pins the pins were not 
set at the nominal radius. If the ‘initial positions of the force 
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pins had been reset during the time interval between the two 
sets of measurements of the radial forces of the piston ring and, 
in either or both instances, if the force pins were not set at the 
nominal radius, the deflection from the nominal radius of a point 
on the piston ring during one measurement would be different 
from the deflection of the same point during the second measure- 
ment. It is believed that if all of the indicated forces and the 
corresponding valve lifts were corrected back to the nominal 
radius, the true radial forces would be obtained and as a re- 
sult the two curves in Fig. 9 (on the following page) would be 
superimposed on each other. Is the author in possession of 
any data to verify the foregoing discussion, or does he have 
some other explanation for the large difference between the 
average forces of the same piston ring? 


J.B. Minnicu.® It is felt that this type of pressure-pattern gage 
can do much to improve the performance of piston rings. This 
gage has possibilities for use as a production inspection instru- 
ment as well as for experimental development. Much has been 
accomplished to speed the operation of obtaining an approximate 
pressure pattern but a further improvement could be made to 
enhance the accuracy. As disclosed in the paper, the weaker sec- 
tions of a ring are deflected most. It is obvious, therefore, that 
a ring is not a true circle while being checked. Probably this 
distortion does not greatly affect pressure-pattern investigation 
from acomparative viewpoint. The fact that cylinders are often 
more out of round than the ring while being checked may minimize 
the error. From an academic standpoint, however, it would seem 
preferable to check rings while supported as a true circle. 

The gage is also incapable of checking points of zero pressure 
or points which are not light-tight. A section which is not light- 
tight by 0.0005 in. is not satisfactory for engine operation, but 
from the author’s curves of deflection versus back pressure it can 
be seen that a definite pressure is obtained by the Pigott gage 
on rings that are not light-tight. If the gage were capable of 
indicating the sections of zero or very light pressure its value 
would be increased. As a production inspection instrument it 
could then replace the present inspections for tension, circularity, 
and light-tightness. 

As disclosed by the author, some of the mechanical imperfec- 
tions also affect the results. This has been discovered by using a 
solid-plate gage for the initial adjustment. Using the solid plate 
and adjusting all the manometers to the same level, duplicate 
readings cannot be obtained on a ring when it is rotated. Using 
a source pressure of 16 lb and adjusting all the manometers to 
about 12 in., a maximum variation of 1.3 lb between two man- 
ometers was required before satisfactory duplication was 
achieved. The instrument will not remain in good adjustment 
over a long interval of time when used intermittently. But by 
using the solid plate as a reference, it is not difficult to reset the 
apparatus. 

One of the most prominent causes of errors was variations caused 
by friction. When one ring was inserted into the gage many 
times, as nearly as possible to the same position each time, a 
maximum variation of 2 lb for one manometer has been observed. 
The amount of oil on the surface of the ring, the slight variation 
in surface finish, and the manner in which different personnel 
would insert the ring would cause variations. By turning on 
the units in different sequence, it was found that the variations 
could be effected. The best order of turning on the units was to 
Start opposite the ring gap with the following order: 9-10, 8-11, 
7-12, ete. By this means the variations could be greatly re- 
duced and readings duplicated. 

To eliminate the chance of disturbing the adjustment of the 
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individual units and also to eliminate the slow task of turning on 
the individual valves manually, a piston-type valve was made 
which would serve as a manifold and turn on the units in the proper 
order. By incorporating this valve in the gage, we believe that 
the accuracy and usefulness of the gage have been greatly im- 
proved. 


C. B. Moore.* It appears that fundamentally the device de- 
scribed in the paper can give an accurate reading only when the 
piston ring itself has true circularity when compressed to the 
cylinder diameter. In general, any deviation from circularity 
of the ring will be indicated at less than its full extent, due to the 
slight motion required of the contacting pins. It is entirely con- 
ceivable that at certain points a ring may have zero pressure 
against the cylinder wall in actual practice, and yet register a 
definite pressure with this gage at these points. Experience and 
familiarity with the use of the gage will no doubt greatly alleviate 
the seriousness of this shortcoming. 

Initially adjusting the zero of the gage by setting to a perfect 
standard is excellent. No provisions, however, are made for de- 
termining the deviation of the diameter of the ring from this 
standard when pressure measurements are made. It appears 
accordingly that the ring would not necessarily be measured at the 
diameter at which it is used when in a cylinder. 

Failure of the gage to repeat will therefore be only a part of the 
error in readings compared to actual operating conditions. It is 
believed that this failure to repeat can be traced entirely to fric- 
tion of the valve stem. Further it would seem that the manufac- 
ture of the valves would require extreme precision, since the 
valve movement should theoretically be zero in order to accom- 
plish the intended purpose of the measurement. 


® Moore Products Company, Philadelphia, Pa. 
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Patrerns OBTAINED FROM TABLES | and 2 of AUTHOR'S Pv 


It is with considerable hesitancy that this discussion has been 
written, inasmuch as the only constructive suggestion which can 
be offered is the use of metallic bellows with a leaf spring or other 
nonfriction member as a guide in order to improve the perform- 
ance. This suggestion, however, in the writer’s opinion has 
slight constructive merit, as it does not materially aid in achiev- 
ing the original stated purpose of the device. 


AUTHOR’s CLOSURE 


The author appreciates the discussion submitted on this paper 
and the opportunity to present additional experimental evidence 
which will clarify the points brought out by the discussers. 

It is not clear what Mr. Behun had in mind as research on 
piston rings, but it is the author’s belief that any instrument for 
securing reliable data is suitable for research. The criterion 
should be “‘Will the engine respond to differences which the in- 
strument cannot detect?” It is unlikely that the demonstration 
can ever be made that variations of as much as five per cent in 
the ring pattern will influence the performance of the ring in the 
engine. 

Mr. Behun also has an incorrect conception of the character- 
istics of the thrust unit and of its adjustment. The unit is always 
adjusted with a sensible valve opening when the end of the force 
pin is in contact with the true circle. Excepting friction, the 
force on this pin will always be indicated by the manometer pres- 
sure. Since a correct measurement cannot be made until the 
piston ring has everywhere been lifted from contact with the gage 


ring, the forces produced by the ring in its altered shape are eor- 
rectly indicated by the manometers. The amount of deflection 
at each point will be influenced both by the initial valve opening 
when the end of the force pin is in contact with the true cirele and 
by the magnitude of the source pressure. It remains true then 
that each observation is in error by the amount of deflection 
multiplied by the ring stiffness at that point. 

The uncertainty of the magnitude of this deflection error and 
of the source and amount of the friction error has given rise to 
serious criticism by these diseussers as well as by others who hav 


Fic. 10 Improvep VALVE 


(1) Reed which supports piston ring; (2) valve head; (3) guide pin, 
(4) valve stem.] 


AUGUST, 1945 


a 
a 
x 
4 


oxi 

\) Cx? DX 

a 


examined the instrument. The friction error has largely been 
eliminated by a modification of the valve as shown in Fig. 10. 
The force pin wag replaced by a flexible reed firmly clamped in 
the slotted end of the valve stem by means of matching tapers in 
the valve head and on the stem. Any possible air leaks were 
sealed with De Khotinsky cement. The reed has ample clear- 
ance in the hole formerly occupied by the force pin and its end is 
carefully ground flat in a plane perpendicular to the axis of the 
valve stem. There is no slippage of the end against the piston 
ring as its shape is altered and the bending of the reed does not 
produce tangential forces greater than 0.12 Ib. 

Tests of the new valve have shown that the root mean square 
deviation has been substantially reduced with a great reduction 
in the number of abnormally large deviations. The force balance 
has also been greatly improved showing that friction no longer 
plays an important part in the operation of the instrument. 

The determination of the magnitude of the deflection error re- 
quired a more elaborate experimental program. Each of the 
eighteen thrust units were carefully calibrated to secure curves 
of valve lift vs. back pressure for different values of source pres- 
This was done with a setup similar to that shown in Fig. 3 


sure, 


BALK PRESSURE PS 


25 


wACVE LIFT 


NCHES 


hig. 11 


(Figure on each curve indicates source pressure.) 


with the weight pan replaced by a horizontal pivoted bar resting 
on the end of the reed. The bar was counterbalanced so that 
when a movable weight was located at a zero mark, no load was 
applied to the reed. The force on the reed could be increased 
to a maximum of 13 lb although in this calibration a maximum of 
7 lb was not exceeded. 

The calibration curves obtained were similar to those shown in 
Figs. 4, 5, and 6, the source pressure being the changing parameter 
rather than the orifice size, since all units had the 0.062-in. diame- 
ter orifice. It was found that the valve-lift curves of all eighteen 
thrust units were quite closely grouped and in order to simplify 
the work, a single set of calibration curves was drawn represent- 
ing their average lift characteristics as shown in Fig. 11. 

The second step was to assemble the ring gage so that the 
initial valve opening of each thrust unit was the same. In the 
case of the example given below, this initial opening was 0.00099 
in. A piston ring was then placed in the gage with the gap be- 
tWeen units 1 and 18, and a set of observations made at different 
source pressures. Reference to the calibration curve then per- 
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mitted the determination of the valve opening of each unit for 
each source pressure and by deducting the initial valve opening, 
the actual ring deflection was determined. 

The valve lift of each thrust unit was then plotted against 
back pressure as shown in Fig. 12 which gives the curves for units 
14 and 18 only. These curves are characteristic of all and show 
several anomalies which are believed to have little significance. 
First, the valve opening at low source pressure appears to be less 
than the initial opening and, second, the apparent rate of de- 
flection of the ring changes abruptly about 0.0002 in. off the wall. 
Above this range the deflection curve becomes linear with a slope 
which varies from 0.010 to 0.0008 in. per lb. In general the slope 
of the straight portion of the curve is least for the points nearest 
the gap and the average slope of the remaining curves is approxi- 
mately 0.002 in. per Ib. 

The assumption is made, at this point, that extrapolation of the 
straight portion of these curves back to the initial valve opening 
will show the back pressure which would have been obtained had 
the measurements been made with the ring constrained on the 
true cirele. Fig. 13 shows the pressure patterns of a ring meas- 
ured with source pressures of 16 and 18 psi, respectively, and the 
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pattern determined by extrapolating each point back to the true 
circle. This shows that the deflection error may amount to 0.8 
psi or, in terms of force on the ring, 0.4 lb. However, it is pos- 
sible to secure the true circle pattern in this manner in those cases 
where it is desirable. For production inspection or selection of 
rings of like pattern, it would be of no value to make the correc- 
tion. 

The lower two curves of Fig. 13 show the actual deflection of 
the ring from the true circle. The maximum deflection at the 
weakest point of the ring was 0.0016 in. Inspection of these 
curves immediately suggests that by making the gage ring 0.002 
in. in diameter oversize and by properly locating the thrust units, 
the ring would lie very closely on the true circle during measure- 
ment and any corrections would be quite small. 

Mr. Behun’s Fig. 9 is the result of an omission in the preprint. 
Table 1 gives the radial forces of ring No. 13 while Table 2 gives 
the manometer readings made during a set of observations on 
the same ring. Since the deviations in a reproducibility test are 
reduced to a percentage, it has not been customary to convert 
the pressure readings to force by dividing by 2. This was not 
properly indicated in the original reproduction of Table 2. 
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The author was pleased to receive Mr. Minnich’s comments 
based on his experience with one of these instruments. The 
suggestion that the gage be modified to permit inspection for 
light-tightness is entirely feasible and had not previously been 
considered seriously since it was felt that those interested in the 
instrument would be equipped with the simple gages for making 
this inspection. Actually, by following the procedure just out- 
lined for determining the deflection error, it is possible to deter- 
mine exactly how far a point on the ring lies away from the wall 
at zero pressure. The procedure would hardly be justified for 
production inspection, however. 

Mr. Moore’s suggestion for eliminating friction would un- 
doubtedly serve the purpose but it is believed that it would de- 
tract from the simplicity of construction that is so desirable in an 
instrument of this nature. 

There is evidence that the small variations now being observed 
are due to irregularities of the ring surface and that even a fric- 
tionless and deflectionless instrument would not show greatly 
improved performance. 

The author wishes to acknowledge the careful work done by 
R. 8S. Wood in determining the deflection errors described. 
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Application of Controlled Atmospheres 
to the Processing of Metals 


By C. E. PECK,! EAST PITTSBURGH, PA. 


The development and application of separately controlled 
atmospheres for use in conjunction with heat-treating 
processes has been rapid during recent years. By means of 
controlled atmospheres, finished machine parts which re- 
quire heat-treatment can be processed without loss of sur- 
face hardness during heating, and without further grind- 
ing or cleaning. Many other applications in the treatment 
of metals, such as welding, forging, melting, sintering, 
and the like, are possible although at present somewhat 
limited. This paper outlines the principal types of atmos- 
pheres and describes briefly the equipment available for 
producing these atmospheres. A summary is given of the 
application of these atmospheres to a wide variety of heat- 
treating processes now in active commercial use. 


N this paper the term “controlled atmospheres” is defined as 
that produced separately from specific equipment especially 
designed to make a gas or mixture of gases of a given com- 

position. The development and application of separately con- 
trolled atmospheres has grown rapidly for several years, and the 
uses of these atmospheres are now an important component in a 
great majority of heat-treating processes where quality control 
and uniformity of the product are required. It is now possible to 
control accurately or to prevent entirely the oxidation of practi- 
cally all of the ferrous and nonferrous metals and their alloy 
combinations, when these metals are heated to elevated tempera- 
tures. On carbon steels and alloy steels it is also possible to con- 
trol accurately or to prevent the loss of carbon (decarburization) 
or gain of carbon (carburization) as well as to control accurately 
the amount of carbon added to the surface of steel (gas carburiz- 
ing). Because of these developments, large tonnages of metals 
can be heated without oxidation, and expensive pickling and 
cleaning costs are eliminated. 

In mass production finished machine parts which require heat- 
treatment can be processed without loss of surface hardness dur- 
ing heating (decarburization) and without further grinding or 
cleaning. Metals can be furnace-brazed without oxidation. 
Controlled atmospheres are finding many applications in the 
sintering and powder-metallurgy fields. In the fields of welding, 
forging, and melting of metals the use of separately controlled 
atmospheres is at present quite limited, but future developments 
may lead to wider uses of atmospheres in these fields of metal- 
processing. 

The purpose of this paper is to outline the principal types of 
atmospheres and to describe briefly the equipment available 
for producing these atmospheres. The discussion summarizes 
the application of these various atmospheres to a wide variety of 
heat-treating processes now in active commercial use. 

The discussion is limited to those atmospheres which are pro- 
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duced from gaseous sources, such as natural gas, propane, bu- 
tane, and various types of manufactured gases such as coke-oven 
gas, carbureted water gas, etc. Gases produced from the dis- 
sociation of the anhydrous ammonia are also included in this 
discussion. 


Discussion OF GENERAL COMBUSTION RANGE 


Before discussing the principal types of atmospheres, a brief 
general description will be given covering the complete combus- 
tion and cracking range of a fuel gas as related to varying amounts 
of air mixed with the fuel. 

Using methane (CH,) as an example, the various types of pre- 
pared atmospheres which can be made cover the range from 
complete combustion to partial cracking to complete cracking. 
The word “combustion” indicates that sufficient heat energy is 
evolved to generate the desired gas without addition of external 
heat. The word ‘cracking’ indicates that heat energy must be 
supplied at a sufficient temperature level to promote the dissocia- 
tion of the methane when reacting with limited quantities of air. 
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Fig. 1 Curves SHow1nG ComsBustTIoN PROPERTIES OF METHANE 
Over RANGE From CoMPLetTe CoMBustTION TO COMPLETE CRACKING 


The range is illustrated by the set of curves shown in Fig. 1 
Using methane as the base fuel and mixing it with proper air 
ratios as indicated on the curve, the variation in approximate 
gas composition is shown covering the range from compiete com- 
bustion to complete cracking. At a particular air-to-gas ratio, 
the approximate amounts of hydrogen, carbon monoxide, carbon 
dioxide, water vapor, and nitrogen are given. A curve of this 
type is useful in giving a general picture of what gas composition 
can be expected over the range from complete combustion to 
complete cracking. A curve of this type can be calculated for 
every type of fuel gas commercially available for use in generation 
of prepared furnace atmospheres. 

Between the right-hand side of the curve showing complete 
combustion and the left-hand side showing complete cracking, 
the actual atmosphere compositions obtained will depart some- 
what from “‘idealized’’ composition indicated on the curve for the 
following reasons: 
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1 In the partial-combustion range the actual amounts of 
hydrogen compared to water vapor formed will depend on the 
design of the gas generator. The same is true for the amount of 
carbon dioxide compared to the amount of carbon monoxide. 
The variations are due to size of combustion space, time allowed 
forreactions, type of catalyst used, temperature level of reac- 
tion, ete. All of these factors depend on the individual equip- 
ment design. 

2 In practical gas analysis the amount of water vapor gener- 
ated in the reactions is always partially removed by condensing 
out the steam of combustion down to temperatures and dew 
points corresponding to normal atmospheric conditions. Per cent 
water vapor given on the curve is that generated during reaction 
before any condensation or removal. 

3 At the lower air-to-gas ratios in the partial-combustion 
range and also on complete cracking range there are small 
amounts of residual methane. This will show up on actual gas 
analyses but is not shown on the general curves being discussed 
here using methane as an example for the available fuel gas. 

4 The heat generated or absorbed is shown on the curve. The 
amount of heat shown represents approximately the heat of gen- 
eration or heat of absorption required chemically to produce the 
compositions shown. The heat losses from the generating equip- 
ment and the sensible heat corresponding to the temperatures of 
gases leaving the generating equipment must be subtracted from 
heat values shown to give net heat generated or absorbed. This 
has the effect of decreasing the net heat generated and increasing 
the net heat absorbed and for this reason, the actual air-to-gas 
ratio on the curve at which heat is neither generated nor absorbed 
is higher than that indicated on the curve. For a given gas-gen- 
erator temperature, the increment by which the air-gas ratio is 
higher depends on heat losses and design of the particular gas 
equipment. 


The following summarizes the important commercial atmos- 
pheres produced from either fuel gases or anhydrous ammonia; 
ach atmosphere is briefly described from the standpoint of com- 
position, cost, and equipment required to produce it: 


ATMOSPHERE NO. 1: COMPLETELY BURNED FUEL Gas 


If any commercially available fuel gas is mixed with the proper 
amount of air it may be burned under controlled conditions to 
form COs, HO, and N2. If this combustion process is carried 
out with a slight deficiency of air, there is no oxygen present in 
the resultant atmosphere and small amounts of hydrogen and CO 
will be present in addition to the gases just given. This resultant 
atmosphere corresponds to a ratio (assuming methane as the fuel) 
slightly to the left of the line representing complete combustion 
shown on curves in Fig. 1. 


CH, + 202 + 7.52N2 CO, + + 7.52N, 


Similar reactions take place with gaseous fuels containing CO, 
H2, and illuminants or heavier hydrocarbon gases such as pro- 
pane (C;Hs), and butane (C,H). 

A representative composition of prepared gas when burning 
methane with a slight deficiency of air would be CO. = 10 per 
cent, CO = 0.5 per cent, H. = 0.5 per cent, CH, = 0.0 per cent, 
O». = 0.0 per cent, N. = 89 percent. Dew point corresponds ap- 
proximately to room-temperature conditions unless auxiliary 
drying equipment is used. This atmosphere is inert and non- 
explosive. This atmosphere can be set with somewhat higher 
reducing properties, as indicated by the range given by the curve 
in Fig. 1. This is desirable in many cases in order to overcome 
effects of impurities in the furnace and on the work being proc- 
essed. 

This atmosphere can be produced for approximately $0.08 
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per 1000 cu ft based on assumptions previously mentioned. 
This particular atmosphere is among the cheapest produced since 
the minimum of fuel is used owing to the lean mixtures that are 
involved, 

Equipment A. A typical atmosphere generator for producing 
this gas is shown in Fig. 2.. A schematic general arrangement and 
flow diagram is shown in Fig. 3. The gas-mixing pump draws air 
through a filter; the air flow automatically regulates the flow of 
gas to give a predetermined air-to-gas ratio for variable-flow de- 
mand. The air and gas, after flowing through visual flowmeters, 
mix together at a point preceding the pump inlet. 


hig. 20 CONTROLLED-ATMOSPHERE GENERATOR FOR PRODUCING 
ATMOSPHERES Nos. 1 anp 2, COMPLETELY BURNED OR PARTIALLY 
Burnep Gas; Equipment A 
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Fic. SCHEMATIC ARRANGEMENT AND FLOW DiaGRAM oF GaAs 
GENERATOR FOR PRODUCING ATMOSPHERES Nos. | aNp 2, Com- 
PLETELY BURNED OR PARTIALLY BURNED Fuer Gas; Equipment A 


The pump moves the air and gas mixture through the piping 
system to the fire-check and burner, The temperature of the 
combustion tube is sufficiently high to ignite the mixture whose 
combustion is carried quickly to completion in a catalyst-filled 
refractory bed. This arrangement also insures thorough reaction 
so that all traces of oxygen are removed. No outside heat is 
supplied to the combustion tube since its temperature is main- 
tained by the net heat of combustion. The moisture from the 
products of combustion leaving the exit side of the combustion 
tube is condensed out of the gas in a surface condenser and sepa- 
rated from the gas in a water separator and atrap, The gas 
then may be used either in a furnace or further purified before us- 
ing by drying, scrubbing out CQO2, or removing small amounts 
of sulphur. 

The gas leaving the water separator is usually saturated with 
water vapor at a temperature about 10 to 15 deg F higher than 
the cooling water used in the surface condenser, 
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PECK—-APPLICATION OF CONTROLLED ATMOSPHERES TO THE PROCESSING OF METALS 


ATMOSPHERE No, 1-A: COMPLETELY BURNED Furr Gas Wrri 
CO, anp Removep 


This is atmosphere No. 1 with COs and H,O removed. The re- 
action required to produce this gas is exactly the same as that 
outlined for gas No. 1. Fuel gas is burned to almost complete 
combustion on the reducing side. In this instance, however, the 
carbon dioxide and the water vapor are completely removed by 
means of separate auxiliary apparatus used in conjunction with 
the atmosphere generator described under atmosphere No. 1. 

Using methane for the base fuel, a typical composition of this 
gas would be as follows: CO, = 0 per cent, CO = '/s per cent, 
Hs = '/o per cent, O2 = 0 per cent, CH, = 0 per cent, Ne = 99 
per cent. Dew point is 60 F. 
extremely high nitrogen content. A variation of this composi- 
tion which is usually somewhat more applicable to commercial 
furnace conditions consists of CO. = 0 per cent, CO = 3 per cent, 
H, = 3 per cent, O. = 0 per cent, CH, = trace, Ne = 94 per 
cent. The gas is still inert but has enough active constituents 
to overcome oxidizing impurities which enter into the usual fur- 
nace application, 

This gas is produced at a cost of approximately $0.20 to S040 
per 1000 cu ft. The range in cost is due to the difference between 
costs of electricity and steam when used for reactivating the car- 


This gas is inert because of its 


bon-dioxide removal system and the drying system. These costs 
are based on using methane as the base fuel. 

Equipment B. Equipment required to produce this atmosphere 
consists of an atmosphere generator, the same as that shown in 
Fig. 2. The gas passes from this unit to the carbon-dioxide re- 
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4 Scoemaric ARRANGEMENT AND FLow DiaGkaM or 
Dioxipk Removat System FoR PropucinGc ATMOSPHERES Nos. 1-A 
AND 2-A; EQquipMeNT B 


Compete Gas EQUIPMENT SEQUENCE FOR PrRopucING At- 
MOSPHERES Nos, 1-A Aanp 2-A 


(Gas generator is followed by carbon-dioxide removal system and 
activated-alumina drier for thoroughly removing water vapor.) 
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moval system which will be deseribed in further detail. From the 
carbon-dioxide removal system the gas is further dried by means 
of a combination of refrigerant drying equipment and activated- 
alumina drying equipment described separately. 

Fig. 4 shows the schematie arrangement of the carbon-dioxide 
removal system. A reproduction of this equipment is shown in 
Fig. 5. The gas from the generator passes through the absorption 
tower through special packing material and gives up its carbon 
dioxide to the liquid which enters at the top of the tower and 
which trickles down through the packing material. The gas, 
free of carbon dioxide, collects at the top of the tower and flows 
through moisture-removal equipment and into the further drying 
equipment mentioned previously. The remainder of the system 
consists of a recirculating liquid system which is used to absorb 
the carbon dioxide and later to be heated up to a point where the 
carbon dioxide may be driven off. The liquid which is saturated 
with carbon dioxide collects at the bottom of the stripper column. 
The liquid trickles down through packing material through which 
is passing heated steam rising from a boiler located at the base of 
the stripper column. During this passage the carbon dioxide is 
driven off and is passed through the top of the tower into a con- 
denser which returns most of the heated steam back to the boiler. 
The carbon-dioxide gas is discharged to the atmosphere. The 
absorbing liquid which has collected in the bottom of the column 
is pumped back again to the top of the absorption tower through 
the heat exehanger and cooler. 


ATMOSPHERE No, 2: Partiatty BURNED Gas 


This atmosphere is similar to atmosphere No. 1 except that 
air-to-gas ratio is smaller, and, hence products of combustion 
contain appreciable CO and Hy. Sufficient heat is generated to 
keep these reducing gases forming without adding external heat, 
but heat generated is considerably less than for atmosphere No. 
1 (see curve Fig. 1). For this reason the gas-generating equip- 
ment is not self-starting but must first be thoroughly heated up 
by operating the unit at a lean air-to-gas ratio. After the unit 
is heated the mixture may be made rich enough to produce at- 
mosphere No, 2 since there is sufficient heat generated to main- 
tain temperature but not heat up the equipment from a cold 
start. With methane as the fuel the following is a typical reaec- 
tion at 6 to 1 air-to-gas ratio 


CH, + 1.20. 4.5N2 —! ‘9 ‘On 2/;CO + + H.O + 4.5N. 


For a given air-to-gas ratio, the amount of H». compared to 
H.O, and the amount of CO compared to CQ: will vary with the 
design of equipment used. Efficient catalysts will give higher H. 
and CO and therefore higher reducing properties. 

Using a fuel containing practically all methane, a typical com- 
position of this atmosphere would be as follows at a ratio of 6 
parts of air to one part of gas: CO, = 5 per cent, CO = 10 per 
cent, He = 15 per cent, CH, = 1 per cent, Ns = 69 per cent, O2 = 
0 per cent. Dew point of gas corresponds to approximately satu- 
ration at room-temperature conditions unless auxiliary drying 
equipment is used. In many applications of this atmosphere it 
is desirable to dry the gas to dew points of approximately 40 F 
by using refrigerant-drier equipment illustrated in Fig. 9. 

In general, this atmosphere is combustible and therefore air 
should be thoroughly purged out from any enclosures in which it 
might be used. Due to its relatively high nitrogen content and 
correspondingly low Btu content it is not as highly combustible 
as raw fuel gases, but precautions against creation of explosive 
mixtures with air should always be taken when jandling this 
gas. Also, any leakage of this gas from furnace openings, etc., 
should be carried away in efficient ventilation systems because 
the CO content makes it very toxic. In a great many applica- 
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tions the gas is burned as it issues from the furnace openings so 
that harmful CO is converted to comparatively harmless COs. 

Cost of producing this atmosphere differs from that of atmos- 
phere No. 1 in that more raw fuel gas is used. Average costs 
based on assumptions mentioned in the first part of the paper 
are from $0.10 to $0.12 per 1000 cu ft. 

Equipment A. The gas-generating equipment and comments 
on operation given for atmosphere No. 1 also apply exactly to 
atmosphere No. 2. Refer to Fig. 2 for equipment and Fig. 3 
for schematic arrangement. 


ATMOSPHERE No. 2-A: PartiALLy BuRNED Gas Wiru 
CO, anp RemMovep 


This atmosphere is the same as atmosphere No. 2 except with 
CO; and removed. 

This gas is produced using the same equipment and the same 
reaction described for atmosphere No. 1-A. The only difference 
consists in operating the primary gas generator at a ratio of air 
to gas which is richer so as to be able to produce the higher reduc- 
ing properties in the gas. 


ATMOSPHERE No. 3: ParTIALLY REACTED OR CRACKED FUEL 
Gas 


Referring to Fig. 1, the left-hand portion of the curves shows a 
region between ratios of 5 to 1 and ratios of 2'/; to 1 where CO, 
and H,O are decreasing toward zero, and CO and H; are increas- 
ing to their maximum values. Atmosphere No. 3 is defined to 
fall in this region which in general is the region between atmos- 
phere No. 2 which is partially burned fuel gas with some heat 
generated, and atmosphere No. 4 which is completely reacted 
fuel gas where heat is required. At 3 to 1 ratio using methane, 
a typical reaction is 


CH, + 0.6250, + 2.37 0.052 CO. + 0.948CO + 1.8H: 
+ + 


Based on this reaction a typical analysis of this atmosphere 
would be as follows at a ratio of 3 to 1: CO, = 1 per cent, CO = 
18 per cent, H. = 34 per cent, CH, = 1 per cent, O. = 0.0 per 
cent, Ne = 46 per cent. 

Dew point of gas corresponds approximately to saturation at 
room-temperature conditions. The atmosphere is combustible. 
As shown on the curve in Fig. 1, this atmosphere can also be pro- 
duced with lower reducing properties if desired but external heat 
is still required. 

This gas requires some external heat to promote the reactions 
at a high temperature level. Assuming electricity as the medns 
for supplying this heat, the cost is approximately $0.15 to $0.20 
per 1000 cu ft, depending on actual air-to-gas ratios used. 

Equipment C. The schematic arrangement and description of 
operation shown for Fig. 3 applies directly to this equipment, 
the only difference being that the combustion chamber is re- 
placed with an electrically heated catalyst-filled retort chamber. 
All other auxiliaries are the same. This equipment is shown in 
Fig. 6. 


ATMOSPHERE No. 4: COMPLETELY REACTED FUEL Gas 


This gas is produced from the complete reaction of fuel gas 
with the proper amount of air to produce an end product con- 
sisting of only carbon monoxide and hydrogen and nitrogen 
from the air. The reaction may be written as follows 


2CH, + O2 + 4N2 2CO + 4H: + 4N2 


This gas corresponds to the extreme left-hand range on the 
curve, Fig. 1. The carbon dioxide and water vapor are negligible 
in this range. External heating is required to produce this gas. 
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Fig. 6 Equipment C ror PrRopuctnG ATMOSPHERE No. 3, Par- 
TIALLY ReacTep Fueu Gas, oR ATMOSPHERE No. 4, COMPLETELY 
Reactrep Gas 


Using a fuel gas containing practically all methane, a typical 
composition of the gas would be as follows: CO, = 0 per cent, 
CO = 19 per cent, He = 40 per cent, CH, = 1 per cent, N, = 
40 per cent. The dew point of this gas would be of the order of 
—15 F. 

The cost of producing this atmosphere using methane as the 
base fuel is approximately $0.18 to $0.25 per 1000 cu ft. 

Equipment C. The schematic arrangement and description of 
operation shown in Fig. 3 applies also to this equipment, thie 
only difference being that the combustion chamber is replace: 
with an electrically heated catalyst-filled retort. All other 
auxiliaries are the same. ‘This equipment is shown in Fig. 6; 
it is the same as that used to produce atmosphere No. 3. The 
only difference is in the operation which requires a richer air-to- 
gas ratio. 


ATMOSPHERE No. 5: DissocratED AMMONIA 


This gas is produced by the cracking of anhydrous ammonia. 
This gives a gas very high in hydrogen and with very low dew 
point. 

When the ammonia is thoroughly cracked the composition 
consists of 75 per cent hydrogen and 25 per cent nitrogen, and 
the dew point is below —60 F. 

This gas is produced at a cost of approximately $4 per 1000 
cu ft, using ammonia in the standard small-size containers. This 
cost can be cut approximately to one half of this value by using 
tank-car quantities of ammonia. Approximately 22.1 lb of 
ammonia are required to produce 1000 cu ft of the dissociated gas. 

Equipment D. The equipment for producing this gas is shown 
in Fig. 7. It consists principally of an electrically heated catalyst- 
filled retort chamber through which passes the vaporized anhy- 
drous ammonia. 


ATMOSPHERE No. 6: ParriaALLy BurNED DissocraTED AMMONIA 


This gas is produced by mixing a limited amount of air with 
dissociated ammonia to produce a pure mixture of hydrogen and 
nitrogen using a lower hydrogen content than that obtainable 
with dissociated ammonia. Any proportion of hydrogen com- 
pared to nitrogen can be obtained depending on the amount 
of air mixed with the dissociated ammonia before burning. 
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Fic. 8 Equipment E ror Propucinc ATmMaspHERES Nos. 6 AND 
6-A, PARTIALLY OR COMPLETELY BuRNED DissociaTeED AMMONIA 


A typical composition of this gas is as follows: Hz = 20 per 
cent, O. = 0 per cent, N; = 80 per cent. Dew point corresponds 
to room-temperature conditions unless auxiliary drying equip- 
ment similar to that described under atmosphere No. 2 is used. 

A gas containing 20 per cent hydrogen could be produced for 
approximately $2.60 per 1000 cu ft, based on small tank quan- 
tities of ammonia. This cost would be approximately one half 
if tank-car ammonia were used. 

Equipment E. This equipment is shown in Fig. 8. It consists 
of two principal parts, the ammonia dissociator such as that de- 
scribed for atmosphere No. 7, and an additional retort chamber 
used to combust the mixture of air and dissociated ammonia, An 
advantage of this equipment is that any proportion of hydrogen 
compared to nitrogen can be produced up to the limits of dis- 
sociated ammonia itself. The equipment is also capable of oper- 
ating at low turndown values so that no gas is wasted in the 
process, This is desirable particularly since this gas is much more 
expensive than the average fuel gas. 
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ATMOSPHERE No. 6-A: COMPLETELY BURNED Di1ssocIATED AM- 


MONIA 


This gas is produced by the complete combustion of a mixture 
of air and dissociated ammonia. A slight deficiency of air is 
used so that no oxygen results from the combustion process. 

This gas consists of a very pure mixture of 99 per cent nitrogen 
and 1 per cent hydrogen; oxygen = Opercent. Dew point cor- 
responds to room-temperature conditions, and further drying 
must be used if the application requires it. 

This gas may be produced at approximately $2.40 per 1000 
cu ft based on small quantities of ammonia or approximately 
one half of this amount, based on using ammonia from tank 
cars, 

Equipment E. The equipment for producing this atmosphere is 
exactly the same as that described for atmosphere No. 6. 


AUXILIARY EQUIPMENT FOR DryING ATMOSPHERE GASES 


In many applications of atmospheres Nos, 1 and 2 and also of 
other types of atmospheres it is necessary to dry the gas to lower 
dew points than those obtained from equipment cooled with 


Fic. 9 Equipment F ror Partiatty Dryinc Gas ATMOSPHERES 


BY REFRIGERATION TO 40 F Dew Point 


normal commercial sources of cooling water. Dew points of ap- 
proximately 40 F can be obtained from cooling the gas by means 
of refrigerant-drier equipment shown in Fig. 9. The atmosphere 
gas passes through a system of baffled finned-type cooling coils 
inside a gastight cabinet. A hermetically sealed refrigerating 
compressor unit moves refrigerant through the cooling coils. 
This will be designated as equipment F. 

When it is necessary to dry the gas to lower dew points, an ac- 
tivated alumina drier is used. This is shown in Fig. 10. It con- 
sists of a dual tower arrangement containing activated alumina 
for absorbing moisture from the controlled-atmosphere gas. The 
purpose of the dual arrangement is to provide continuous gas 
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Fic. 10 Eeurpment G; Drier roR REMov- 
ING COMPLETELY MOorsturRE FROM GAS ATMOSPHERES 


drying while one tower is being reactivated to remove absorbed 
moisture. This equipment will dry gases to dew points below 
—60 F if necessary. This will be designated as equipment G. 

It may be useful to summarize the equipment combinations 
necessary to produce the controlled atmospheres previously de- 
scribed. 

To preduce atmosphere No. 1 (completely burned fuel gas) use 
equipment A or (A and F) set for complete combustion of fuel 
gas slightly on the reducing side. 

To produce atmosphere No. 1-A (completely burned fuel gas 
with CO: and HO removed) use equipment A plus equipments B, 
F, and G. 

To produce atmosphere No. 2 (partially burned fuel gas) use 
equipment A or (A and F) set for incomplete or partial combus- 
tion but not lower than about 55 to 60 per cent of perfeet com- 
bustion so that sufficient heat will be evolved within the generator 
itself to keep it going. 

To produce atmosphere No. 2-A (partially burned fuel gas 
with CO, and H,O removed) use equipment A plus equipments 
B, F, and G. 

To produce atmosphere No. 3 (partially reacted fuel gas) use 
equipment C, 

To produce atmosphere No. 4 (completely reacted fuel gas) 
use equipment C. 

To produce atmosphere No. 5 (dissociated ammonia) use 
equipment D. 

To produce atmosphere No. 6 (partially burned dissociated 
ammonia) use equipments E plus F, and G if drying is required. 

To produce atmosphere No. 6-A (completely burned dissociated 
ammonia) use equipment E plus F, and G if drying is required. 


Furnace Equipment To Be Usep Witrn ATMOs- 
PHERE 

In general, all furflace equipment must be individually analyzed 

und designed for the particular application of controlled atmos- 

phere required. Atmosphere furnaces are fabricated to be gas- 

tight. Many schemes are used to minimize the consumption of 
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prepared atmosphere and to insure positive control of atmosphere 
flow or circulation inside the furnace structure. When fuel-fired 
furnaces are used, radiant tubes or muflles are necessary to keep 
the products of combustion from mixing with the prepared at- 
mospheres. Electric furnaces of the type using resistors may be 
used without mufiles where other factors in the application permit 
it. 

Separately controlled atmospheres are now being widely ap- 
plied to a variety of popular types of modern furnace equipment 
such as pusher, roller-hearth, box, bell-type, belt-conveyer, snd 
elevator furnaces. 

In general, before any application of separately controlled 
atmosphere equipment is made to existing furnace equipment, 
all factors should be carefully analyzed and the experience oi 
equipment manufacturers fully utilized. 

The remaining discussion will deal with the applications of the 
various atmospheres which have been outlined, to various meta! 
processes, particularly those related to annealing, hardening, 
tempering, and brazing of both nonferrous and ferrous metals. 
In general, no particular single atmosphere will be universally 
applicable to all processes related to the heating of metals. The 
closest approach to a universal heat-treating atmosphere is No. 
1-A which consists of a high nitrogen-bearing gas which is oxygen- 
free and which contains sufficient reducing properties to over- 
come effect of impurities from the metal being treated and from 
the brickwork of furnaces in which the metal is treated. The 
equipment necessary to produce this atmosphere is more expen- 
sive than that required for alternate choices of atmosphere- 
which are suitable for a given process and which require less ex- 
pensive equipment. 

The general problem in applying controlled atmospheres to 
metals usually resolves itself into partial or total prevention o! 
oxidation of the metal surfaces and prevention of metallurgic:! 
changes in metal, such as loss of carbon from steel surfaces (e- 
carburization). In some processes the atmosphere is applied 
purposely to affect the metal structure and composition, such 
as gas carburizing, where controlled amounts of carbon are added 
to the steel surface by means of chemical reaction between the 
metal and the atmosphere surrounding the metal. 


ANNEALING NONFERROUS METALS 


Copper. This metal may be annealed without oxidation tn: 
atmosphere of steam but this method allows water staining and 
in many modern installations on wire, strip, and tubing, particu- 
larly on finish-annealing, it has been more desirable to use sep:- 
rately controlled atmospheres. Shiny bright surfaces can be ob- 
tained by using atmosphere No. 1 (completely burned fuel ga, 
slightly on the reducing side).* 

Copper is discolored at elevated temperatures in the presence 0! 
extremely small amounts of sulphur compounds, particul:rl 
hydrogen sulphide. Manufactured fuel gases such as coke-oven 
gas or carbureted water gas are usually passed through iron-oxide 
boxes to remove hydrogen sulphide, before being used commer- 
cially. This serubbing operation usually removes hydrogen =ul- 
phide to a very small value of 5 grains per 100 cu ft of raw gas. 
Even though this amount is very small it is sufficient to discolor 
copper after mixing with air and burning in a gas generator. For 
this reason further removal is necessary beyond the gas generator. 

Complete combustion of the gases in the generator tends te 
convert most of the sulphur in the fuel gas both organic and in- 
organic into sulphur dioxide which is carried off in the condensate 
from the gas generator. The small amounts of hydrogen sulphide 
are removed by iron-oxide towers on the exit side of the gas gel- 
erator. 

Certain types of copper contain small amounts of oxyge! 
which can react with hydrogen in the controlled atmosphere and 
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PECK 
cause embrittlement. In these ceases the atmosphere must be 
set fora bare minimum of hydrogen and carbon monoxide (about 
to per cent of each) without any free oxygen. 

Copper-Nickel Alloys. . These alloys may be bright-annealed 
with the same atmosphere as that used for copper (atmosphere 
No. 1), and the atmosphere must be entirely free of sulphur. 
Hvdrogen embrittlement in general is not a problem in the case 
of these alloys so that atmospheres with higher hydrogen and 
earbon-monoxide contents may be satisfactorily used. 

Copper-Zinc Alloys (Brasses). These may be clean-annealed 
with the same atmosphere as used for copper (atmosphere No. 1). 
Bright-annealing is not obtained due to volatilization of zine 
from the surface of material at temperature. This 
“clouded” appearance. Volatilization of 
zine and subsequent oxidation on the surface of the metal by CO. 
and HO in the controlled atmosphere ean be greatly retarded 
by using high nitrogen atmosphere from which COs and H.O 
have been removed (atmosphere No, 1-A). 

Copper-Silicon Alloys. 


elevated 
vives the surface a 


These may be bright-annealed with 
high nitrogen atmosphere free from CO. and H.O (atmosphere 
No. 1-A), as well as being entirely free from traces of sulphur. 
Copper-Silver Alloys. These may be bright-annealed with 
either atmosphere No. | or No. 2 but must be absolutely free of 
any traces of sulphur, or discoloration will occur 
Nickel and Monel Metal. These may be bright-annealed with 
either atmosphere No. | or No. 2 but must be entirely free of 
sulphur, The metal surfaces, although free of oxide, present a 
gray or matte finish. Shiny bright surfaces can be obtained by 
using dissociated ammonia (atmosphere No. 5) or with combusted 
dissociated ammonia (atmospheres Nos, 6 and 6-A). Inconel 
which is a high nickel-bearing alloy with chromium and iron 
can only be bright-annealed in atmospheres Nos. 5, 6, 6-A,. 
Aluminum and Its Alloys. These can be successfully treated 
in air atmospheres provided moisture content is relatively low. 
Completely burned or partially burned and partially dried fuel 
gases (atmospheres Nos. 1 and 2) can also be successfully used. 
In this field there is not vet any widespread demand for applica- 
tion of separately prepared controlled atmospheres since preven- 
tion of slight surface oxidation is not a serious problem. 
Magnesium, This metal ean be annealed using atmosphere No, 
| which in general prevents any active or rapid oxidation and 
thus allows safety against possible combustion of the magnesium 


at the normal heat-treating temperatures. 
1 


Air atmospheres with 
2 to 1 per cent of sulphur dioxide added are also suecessfully 
used, 


ANNEALING 

Low-Carbon Steel. 
tially burned fuel gas with generator set to give maximum redue- 
ing properties (atmosphere No. 2). 
available cooling water is over 60 F in temperature the dew point 


This may be bright-annealed using par- 
In those eases where the 


of the gas atmosphere leaving the generator will be over 70 F. 
In general, atmosphere No, 2 with dew points of over 70 F ean 
cause discoloration of steel due to oxidizing aetion of excess 
water vapor as the steel slowly cools down through a tempera- 
ture range from 1100 F to 700 F. 
Water is not available the vear round it is necessary to supple- 
ment the atmosphere with partial drying to dew points of about 
40 F. Atmosphere No. 2 is approximately in equilibrium with 
low-carbon steels at normal annealing temperatures and hence 


In those cases where cold 


there is no measurable amount of carbon loss or gain from the 
steel due to chemical combination with the atmosphere sur- 
rounding it. This atmosphere is very definitely decarburizing to 
medium- and high-carbon steels and to various alloy steels 


and should not be used where decarburization cannot be toler- 
ated, 


APPLICATION OF CONTROLLED ATMOSPHERES TO THE PROCESSING OF METALS 


Medium- and High-Carbon Steels. 
1-A. 
carburizing and is practically neutral to a wide range of carbon 


These can be bright-an- 
nealed using atmosphere No, This atmosphere is not de- 
contents in the steel so that neither carburization nor deear- 
burization takes place. The small amounts of CO and He in the 
atmosphere are sufficient to react with small amounts of oxidizing 
impurities on the steel being heated, or react with impurities 
from furnace brickwork. Long-cyecle annealing of alloy carbon 
steels or high-carbon steels requires an atmosphere that is chemi- 
cally inactive and which therefore does not react with the car- 
bon in the steel. The high nitrogen content of atmosphere No. 
1-A combined with total removal of decarburizing components 
such as CO. and H,O, results in an atmosphere which is chemically 
“neutral,” and reaction rates with the carbon in the steel are so 
small that no measurable gain or loss of carbon from steel occurs 
when steel is heated to annealing temperature and held there for 
long periods of time. 

Alloy Carbon Steels: Tool Steels and High-Speed Steels. These 
may be annealed on long cycles without oxidation or deearburiza- 
tion using atmosphere No. 1-A. Atmosphere requirements are 
the same as those just discussed for high-carbon steels. 

Stainless Steels. Such steels, including the chrome-nickel-iron 
alloys and the chrome-iron alloys, can be annealed without heavy 
oxidation in atmospheres No. 1 and No. 2 and very little oxida- 
tion in atmosphere Nos. 1-A, 2-A, 3, and 4. However, if it is de- 
sired to bright-anneal these steels it is necessary to use pure dry 
hydrogen. Immeasurably small amounts of oxygen must be ab- 
sent from the gas atmosphere, and the bright-annealing to be sue- 
cessful must be done in alloy-steel muffles constructed so that the 
pure dry atmosphere is maintained without possibility of entrance 
of the least traces of any oxygen-bearing gases such as Os, COz, 
CO, H.O. Atmosphere No. 5 (dissociated ammonia) will be 
suitable. Atmospheres Nos. 6 and 6-A are also suitable provided 
they are produced from equipment which eliminates all traces of 
oxygen and water vapor. 


HARDENING OF FeRROUS 


In production finished machined parts of all sizes and de- 
scriptions can now be hardened free from oxidation and decar- 
burization. This development is of great significance since uni- 
form quality of work on a large production basis can be realized 
without subjecting the pieces to further machining, grinding, 
sandblasting, pickling, or other expensive cleaning operations 
which formerly were necessary to eliminate seale and soft skin 
(decarburization) on the work being heat-treated. The atmos- 
phere required to accomplish bright-hardening without decar- 
burization must be very low in COs and water vapor. Atmos- 
However, it is 
possible to produce an atmosphere which has only very small 


pheres 1-A and 2-A meet these requirements. 


residual amounts of COQ. and water vapor by reacting completely 
the hydrocarbon in the gas to CO and He with a limited amount 
of air, in the presence of a catalyst at high temperature. This is 
represented by atmosphere No. 4. A variation of this, where the 
cracking is not quite so complete, is represented by atmosphere 
No. 3. 

Atmosphere No. 3 is suitable for short-cycle (less than 2 hr) 
hardening of medium-carbon steels at medium-range hardening 
temperatures (1400-1450 F) with no oxidation or deearburiza- 
tion. 

Atmosphere No. 4 is suitable for hardening of high-carbon 
steels and alloy carbon steels without oxidation as decarburiza- 
tion. This gas contains no CO, and very little water vapor, is 
nondecarburizing to high-carbon steels, and is particularly appli- 
cable to hardening where decarburization cannot be tolerated. 
This gas ean also be set so as to be in “earbon balance” with the 
steel being heat-treated so that neither carburizing nor decar- 
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Fic. 11 Hor-Wire Gace ror DeTreRMINING CARBURIZING POWER OF GAs ATMOSPHERE 


burizing takes place. Fig. 11 shows an instrument which has 
been developed for predicting the approximate carbon content of 
the steel at which the surrounding atmosphere is in equilibrium. 
This instrument is known as a “hot-wire gage’”’ and operates on 
the principle of a measurement of the change in resistance of a 
low-carbon-steel wire carburized with the surrounding gas at- 
mosphere. The wire is heated by electric current inside a glass 
tube and is surrounded by the atmosphere being tested. The 
heated wire absorbs carbon from the gas until it is in equilibrium 
with the surrounding gas. This process takes place very quickly 
because of the small cross section of the wire. A change in re- 
sistance measured on a potentiometer is calibrated in terms of the 
carbon content at which the particular gas is in equilibrium with 
the steel being heat-treated. This instrument is useful on appli- 
cations where it is desirable to maintain an atmosphere which is 
in approximate chemical balance with the carbon content of the 


steel being hardened so that the steel surface is neither carburized 
nor decarburized. Atmosphere No. 4 may be produced to give 
these conditions. 

Tool steels and high-speed steels can be successfully hardened 
without oxidation or decarburization using atmosphere No. 4. 
The high-carbon high-chromium tool steels can be hardened with- 
out decarburization but will be tarnished due to slight oxidation 
of the chromium. If it is desired to bright-harden these steels 
it is necessary to use atmosphere No. 5 (dissociated ammonia) 
inside a special design of alloy-metal muffle furnace. 


Gas CARBURIZING 


In addition to the developments of controlled atmospheres for 
prevention of oxidation and decarburization, it is possible to 
control the rates at which carbon is added to the surface of steel 
and the distribution and depth through which the carbon dis- 


TABLE 1 ATMOSPHERES SUITABLE FOR HEAT-TREATMENT OF DIFFERENT METALS 


Temperature Time “eS Atmospheres Atmospheres 
range, (“long”’ Required which will give commonly 
Material processed Process deg F over 2 hi} surface desired results used 
Bright or Clean Annealing 
Anneal 1200 to 1350 Bright 1A, 2, 24, 5, 6,6A 2 
Medium-carbon steels............. Anneal (no de- 1200 to 1450 Long Bright 14.3 oA, 5, 6, 6A 1A 
carburization 
High-carbon steels...............- Anneal (no de- 1200 to 1450 Long Bright 1A, 2A, 5, 6, 6A 1A 
carburization) 
Alloy steels, medium- and high- 
NSRP RI RENO Anneal (no de- 1300 to 1600 Long Bright or clean 1A, 2A, 5, 6, 6A 1A, 2A 
carburization) 
High-speed tool steels, including 
molybdenum high speeds........ Anneal (no de- 1400 to 1600 Long Bright or clean 1A, 2A, 5, 6, 6A 1A 
A carburization) 
Stainless steels, chromium and 
nickel-chromium................ Anneal 1800 to 2100 Short and long Bright 5 5 
High-silicon steel, electrical sheet... | Anneal 1900 to 2000 ng Clean 1A, 6 1A,6 
Anneal 400 to 1200 Long or short Bright 1 1 
Various brasses......... Soteewiteais ie Anneal 800 to 1350 Long or short Clean 1 1 
pee ee eee Anneal . 800 to 1400 Long or short Bright 1A, 6 1A 
Silicon-copper alloys. . ...... Anneal 1200 to 1400 Long or short Bright 1A 1A 
Anneal 1600 to 2000 Long or short Bright 1, 1A, 2, 2A, 5, 6, 6A 1,5 
Automatic Brazing or Soldering Operations 
Low-carbon steels................ Copper brazing 2050 Short Bright 2, 2A, 4, 5, 6 2 
Medium- and high-carbon steels.... | Copper brazing 2050 Short Bright 2A, 4, 5, 4 
(no decarbu- 
rization) 
Alloy steels, medium- and 
carbon.. 5 Copper brazing 2050 Short Bright 2A, 4, 5,6 4 
‘no decarbu- 
rization) 
High-carbon, high-chromium 
ery Copper brazing 2050 Short Bright 5 5 
Stainless steels. . Copper brazing 2050 Short Bright 5 5 
Copper or brass.. Phos-Copper 1500 to 1600 Short Bright 1 1 
brazing or sil- 
ver soldering 
Bright-Hardening and Tempering 
Medium-carbon steels............. Hardening 1400 to 1600 Short Bright or clean A. 2A, 4, 5,6,6A 4 
High-carbon steels...../........... Hardening 1400 to 1800 Short Bright or clean A, 2A, 4, 5, : 6A 4 
Alloy steels, medium- and high- 
oO” ey ee eee eee Hardening 1400 to 1800 Short Bright or clean 1A, 2A, 4, 5, 6, 6A 4 
High-speed tool steels, including . 
Hardening 1800 to 2400 Short Bright or clean 4 


All classes of ferrous metals........ 


Tempering or 
drawing 


400 to 1200 Short 


Bright or clean 


1A, 2A, 4, 5, 6, 6A 
1A, 2 


is 


9 
gs 
pe 
CARBON PRESSURE GAUGE WESTINGHOUSE, 
ni 
p 
ti 
p 
b 
a 
J 
c 
\ 
d 
b 
I 
Ss 
23 


PECK—APPLICATION OF CONTROLLED ATMOSPHERES TO THE PROCESSING OF METALS 


perses into the steel. As stated, those gases wiuich contain no 
CO, or water vapor will not remove carbon from steel. A gas 
with no CO; or H,O vapor is an excellent atmosphere to use as a 
“base” for adding carbon-bearing gases which will react to add 
carbon to the steel. With an efficient base or ‘carrier’ gas 
the amount of carbon-bearing gases which must be added to pro- 
duce fast sootfree carburizing is relatively small. Methane is by 
far the most efficient carburizing gas, and small amounts of 
methane added to a carrier gas containing no CO, or water 
vapor produces a gas very suitable for quick efficient soot-free 
carburizing. Atmosphere No. 4 is an efficient base or carrier 
gas. This gas as normally produced has no CO, and very small 
water-vapor content. Due to the presence of CO, H; and residual 
methane in the gas as produced, it already possesses a reason- 
able carburizing “potential” and the addition of 1 or 2 per 
cent of methane gives a very active gas for carburizing. 

Successful application of these atmospheres for quick clean 
gas carburizing also requires the use of such atmospheres in fur- 
nace equipment which will successfully maintain these atmos- 
pheres. Equipment which allows oxygen from the air to infil- 
trate even in small amounts, will destroy the carburizing poten- 
tial of the gas, and efficient soot-free gas carburizing is not 
possible, 


ATMOSPHERE FURNACE BRAZING 


Nonferrous Metals. Many nonferrous metals can be brazed in 
protective furnace atmospheres. Copper and copper alloys are 
brazed using ‘‘Phos-Copper”’ or ‘“‘Iz-Flow,” “‘Sil-fos,”’ and similar 
alloys for brazing material. Atmosphere No. 1 is suitable for a 
great many of these applications. If discoloration is to be pre- 
vented all traces of sulphur in the gas must be removed as in the 
case of bright-annealing copper. Richer gas atmospheres with 
higher reducing properties are also suitable such as atmospheres 
Nos. 2, 3, and 4, where hydrogen embrittlement is not a factor. 

Ferrous-Metal Brazing. Brazing of steels with copper at 2050 
F is a widely used method of joining all types of assemblies. Silver 
brazing of steels at lower temperatures, such as 1700-1800 F, 
is finding growing applications. In both instances reducing at- 
mospheres are required. Atmosphere No. 2 (partially burned 
fuel gas) is applicable when the brazing does not require preven- 
tion of decarburization. This is not a problem on low-carbon 
steels but may be a factor to contend with on medium- and high- 
carbon steels. Although the average brazing operation requires 
only a relatively short time at the high temperature, the rates of 
decarburization are also very rapid at these high temperatures 
when appreciable CO; and water vapor are present such as in 
atmosphere No. 2. 

Where decarburization of the brazed work is to be prevented 
atmosphere No. 2-A or atmosphere No. 4 should be used. At- 
mosphere No. 4 is particularly suitable for brazing because the 
high Hy and CO content give it very high reducing properties 
which in general are very desirable for brazing ferrous metals. 

Stainless steels and the high-chromium steels require an ex- 
tremely pure reducing atmosphere. Atmosphere No. 5 is the 
most suitable, as well as dry, oxygen-free hydrogen. 


SINTERING OR PowpER-METALLURGY APPLICATIONS 


Controlled atmospheres are necessary in the production of 
metals and alloys in this rapidly growing field. Brasses, bronzes, 
etc., are sintered with reducing atmospheres such as atmosphere 
No. 2, and atmospheres Nos. 3 and 4. 

Ferrous alloys and iron, in general, utilize these same atmos- 
pheres. Atmospheres Nos. 3 and 4 are particularly useful be- 
cause of their very high reducing properties. 

As in normal ferrous metallurgy these are problems where 
decarburization must be prevented. Fuel-gas atmospheres, very 
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low in CO; and water vapor, are desirable. Atmospheres Nos. 2-A 
and 4 fulfill these requirements. 

In those cases where oxidation of chrome (such as stainless 
steels) must be prevented, the pure dry hydrogen and dry hydro- 
gen-nitrogen mixtures must be used. Atmosphere No. 5 (dis- 
sociated ammonia) fulfills these requirements. 

A summary of the applications of atmospheres to various 
metals and metal processes is given in Table 1. 


CONCLUSION 


In conclusion it may be said the field of application of sepa- 
rately prepared controlled atmospheres will continue to expand. 
As a result of developments in this field many heat-treating proc- 
esses can be controlled with high precision, quality is improved 
and is uniform, and large savings result because of elimination of 
cleaning, finish-machining, grinding, etc. In parallel with the 
development of controlled atmospheres, the heat-treating-process 
equipment in which these atmospheres are used has been de- 
veloped to use these gases properly. The best controlled at- 
mosphere is useless unless the companion equipment in which 
the metal is processed is designed so as to hold and maintain 
properly the atmosphere composition which is brought to it. 

Continued development, refinement, and improvement of heat- 
treating equipment are necessary in order to realize fully the bene- 
fits of the application of the separately prepared atmosphere. 


Discussion 


Sam Tour.? The author has taken a narrow view of the sub- 
ject which is the title of his paper. He has considered only that 
portion of the subject for which his company builds special pieces 
of equipment. 

“Combustion” is improperly defined in the paper. It is incor- 
rect to say, ‘the word ‘combustion’ indicates that sufficient heat 
energy is evolved to generate the desired gas without addition of 
external heat.’ Properly defined the word ‘‘combustion” means 
the continuous combination of a substance with certain elements; 
as oxygen, accompanied by the generation of light and heat. 
The popular conception of the word is rapid oxidation, as of fuel. 
Coal or wood will combine with oxygen if heated to a kindling 
temperature. The continuous combining of coal or wood with 
oxygen in the air is combustion. Similarly, if certain gases are 
heated to a suitable temperature they will combine with oxygen 
in the air and combustion will take place. 

“Cracking” is improperly defined in the paper. It is incorrect 
to say “‘the word ‘cracking’ indicates that heat energy must be 


tion with fuel gases is substantially the same as in connection 
with petroleum. The cracking process is really destructive dis- 
tillation or decomposition caused by the application of heat. 

The set of curves presented in Fig. 1 of the paper is open to 
considerable question. The statement is made, “a curve of this 
type can be calculated for every type of fuel gas commercially 
available for use in generation of prepared furnace atmospheres.” 
This statement would indicate that the curves given in Fig. 1 
have been “‘calculated.’”’ In the following paragraph the author 
admits that the curves are “‘idealized.’”?’ He then goes on to de- 
scribe how the actual amounts of hydrogen, water vapor, carbon 
dioxide, and carbon monoxide depend upon space, time, catalyst, 
and temperature. Since the curves in Fig. 1 are not specific as 
to these factors of space, time, catalyst, and temperature, it is 
evident that they were not “calculated” but “thought up.” 

As a matter of fact, the writer a few years ago presented a 
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paper® in which the large effect of combustion-chamber tempera- 
tures was shown. The following is quoted from that paper: 

A large percentage of the controlled atmospheres required for 
the heat-treatment of steel are those obtained as the result of 
burning rich mixtures of gas and air. By a rich mixture is meant 
a mixture in which the amount of air supplied is insufficient for 
complete combustion of the gas. This is often referred to as 
“partial combustion” with a deficiency of air. It is in this field 
that combustion chamber temperatures play their most impor- 
tant role. 

Burning city gas and air in the ratios of 1 of air to 1 of gas and 
2 of air to 1 of gas, and maintaining combustion-chamber tempera- 
tures at various points from 1200 to 2200 F (650 to 1205 C), and 
making the usual analyses of the products of combustion, the 
effect of changes in the temperature of the combustion chamber 
becomes very apparent. The results are shown in Fig. 1 (Fig. 
12 of this discussion). It will be noted that as the temperature 
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Fic. 12) Errecr oF CHANGES IN TEMPERATURE OF COMBUSTION 
CHAMBER; City Gas 
(Originally Fig. 1 of paper, reference 3, by writer.) 


of the combustion chamber is increased, the products of combus- 
tion for the same air-to-gas ratio contain less illuminants, slightly 
less carbon dioxide, considerably more carbon monoxide, and 
greatly increased quantities of hydrogen. Unfortunately, when 
this work was done no direct determinations of water-vapor con- 
tent were made, Due to the large quantities of residual illumi- 
nants present in the products of combustion and due to the large 
quantity of soot and carbon formed in burning these rich mixtures 
at the lower temperatures, it is impossible to calculate the volume 
relationship between the initial gases and the products of combus- 
tion. It is therefore impossible to arrive at a logical basis for 
the calculation of water-vapor content of the products of com- 
bustion. Experience shows that the water-vapor content de- 
creases as the temperature of the combustion chamber increases. 

Burning a mixture of propane gas (C;Hs) and air and main- 
taining the combustion chamber at various temperatures, and 


***Furnace Atmosphere Generation,” by Sam Tour, Trans. 
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using an air-gas ratio of 8 of air to 1 of gas, the average analyses 
of the products of combustion are shown in Fig. 2 (Fig. 13 of this 
discussion). Here it is seen that the hydrogen content of the 
products of combustion increases continuously and rapidly as the 
temperature of the combustion chamber is increased. The per- 
centage of carbon monoxide in the products of combustion in- 
creases to a combustion-chamber temperature of around 2000 F. 
(1095 C), and then decreases. This phenomenon will be referred 
to later. Illuminants and carbon dioxide both tend to decrease 
as the combustion-chamber temperature increases. 

In the combustion of propane gas we have a base material 0} 
known composition, and within certain limits we can calculate 
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TABLE 2 
COs 
10 
0.0 
0.0 
5.0 
0.0 
1 


the amount of water vapor present in the produets of combustion. 
The calculation is based on the assumption that for each volume 
of propane gas which is burned there will be produced three vol- 
umes of carbon-monoxide plus carbon-dioxide gases, and four 
volumes of hydrogen plus water vapor. To the extent that carbon 
is lost in the formation of illuminants and in the formation of tar, 
soot, and pitch, the calculated water vapor will be less than the 
true water-vapor content of the products of combustion. The 
results shown in Fig. 2, revised and corrected for water-vapor 
content, are shown in Fig. 3 (Fig. 14 of this discussion). Here 
the fact that the water-vapor content of the products of combus- 
tion decreases rapidly as the temperature of the combustion cham- 
ber is increased becomes quite evident. 

The decrease in carbon-monoxide content at temperatures 
above 2000 F (1095 ©) is due to the large loss of carbon in the 
form of coke and carbon particles and heavy oils of the naphtha- 
lene type. In many instances the atmosphere desired from an 
atmosphere generator is one which requires even richer mixtures 
than the 8 of air to 1 of propane gas covered by the curves in 
Figs. 2 and 3 (Figs. 13 and 14 of this discussion). With these still 
richer mixtures the problem of coke deposition in a combustion 
chamber operating at 2000 F (1095 C) or higher becomes even 
more accentuated. Continued burning of excessively rich pro- 
pane gas and air mixtures in a combustion chamber at high 
temperatures results in loading the combustion chamber with 
coke and the outlet pipes with tar and naphthalenes. 

At low combustion-chamber temperatures the gases are not 


broken down so completely as to form heavy coke or pitch de- 
posits, but form large quantities of so-called “illuminants,”’ light 
oil vapors, and soot. 
chamber when it is operated at too low a temperature are usu- 


The gases coming from the combustion 
ally referred to as ‘‘smoky.’’ The soot and oil vapors which are 
carried along rapidly foul the furnace and the work in the fur- 
nace. If cooling or cleaning equipment is used to dehydrate the 
products of combustion, the passageways become coated with 
soot. Some of the oil vapors are condensed and removed with 
the condensed water vapor. 

Furnace-atmosphere gases carrying large quantities of soot 
and large quantities of oil vapors are particularly objectionable 
in metallie-resistor-heated electric furnaces where the gases 
come in contact with the heating elements. When the current is 
on the heating elements in an electric metallie resistance furnace 
are operating at temperatures considerably above the furnace- 
chamber temperature or the work-temperature control point. As 
the oil vapors in the atmosphere strike the heating elements 
they are cracked to form carbon plus lighter vapors or gases 
such as methane and hydrogen. The carbon residue builds up on 
the electric heating elements. Within a short time the carbon 
built up on the heating elements may be sufficient to cause short- 
circuiting. 

It seems evident that a control of the temperature of the com- 
bustion chamber is necessary. The combustion chamber should 
be maintained at a temperature high enough to prevent the ex- 
cessive formation of soot and oil vapors, but it should not be so 
high as to cause the formation of coke and heavy tars (end of 
quote). 


COMPARISON OF VARIOUS ATMOSPHERES 


Heo Equipment 


B+ F 


A 
B 


For ease of comparison, the various atmospheres which are 
described by the author have been listed in Table 2 of this dis- 
cussion. 

The author describes atmosphere No. 1, the result of complete 
combustion, as an inert atmosphere. Here another term is in- 
correctly used. The term “inert”? means neutral or devoid of 
active chemical properties. The atmosphere in question contains 
10 per cent CO, and considerable water vapor. Both of these at- 
tack steel at elevated temperatures and the atmosphere is not 
inert. The author fails to point out that, according to his 
“idealized” curves, this atmosphere as generated contains about 
18 per cent of water vapor (steam) which is partially condensed 
by cooling to room temperature where the water content is still 
of the order of 2 per cent. 

In describing equipment B for removing CO, from products of 
combustion the author fails to mention the chemical used for ab- 
sorption or the materials necessary for construction of the ap- 
paratus in contact with this liquid. Usually ‘“Olamines’’ are 
used and corrosion is a problem in the equipment. A much 
cheaper initia] installation cost is possible with a nonregenerating 
system using cheap caustic as the absorbing medium. 

In describing atmosphere No. 2, the author fails to recognize 
the large effect of combustion-chamber temperature on the 
amount of He and CO formed. He erroneously refers to ‘‘cata- 
lysts” as giving higher H, and CO. The fact is that temperatures 
control this and higher temperatures produce higher H, and CO. 

His estimated cost of production of atmosphere No. 4 at $0.18 
to $0.25 per 1000 cu ft is rather optimistic. Close to double these 
figures are more usual. 

He describes dissociation of ammonia as “cracking.” 
correct. 


This is 
Complicated equipment is shown for generation of 
atmospheres Nos. 6 and 6-A by ammonia dissociation, followed 
by combustion. No mention is made of direet combustion of am- 
monia vapor with air to produce mixtures high in nitrogen. Were 
such equipment used, the costly dissociator could be eliminated. 
Ammonia vapor plus air forms a combustible mixture and will 
burn in a combustion chamber to produce Ne plus HO. Some 
traces of nitrous oxides are formed and must be serubbed from 
the products of combustion of ammonia vapor plus air. 

This paper describes “controlled atmospheres” as those pro- 
duced in equipment separate and distinct from the equipment 
used for the heating operation. It does not refer to that important 
line of industrial equipment known as “controlled-atmosphere 
furnaces.” In controlled-atmosphere furnaces, the atmosphere- 
generating equipment is built into the furnace. Atmospheres 
equivalent to those described as Nos. 1, 1-A, 2, 2-A, 3, and 4 
may all be produced in such built-in generators with suitable 
auxiliary equipment. Controlled-atmosphere furnaces of the 
recirculating type are available for this purpose and are discussed 
by the writer in his review of the art.3 


AvuTHOR’S CLOSURE 
Mr. Tour has pointed out specifie limitations on the scope of 
the material given in the paper. It was purposely limited to a 


general discussion of separately prepared atmospheres produced 
from separate equipments. Discussion of atmospheres pro- 
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duced from built-in equipments, and discussion of atmosphere 
furnaces were considered beyond the scope of the present paper. 

Mr. Tour is probably correct in his comments on definitions 
used. The present state of the art is such that standardization 
of terms does not exist, and the definitions given in the paper for 
“combustion” and “‘cracking’’ are those now commonly used by 
equipment manufacturers and users. Other methods of de- 
scribing the various atmospheres should also fall into such classi- 
fications as the following: 


Completely burned gases. 
Partially burned gases. 
Partially reacted gases. 
Completely reacted gases. 


whe 


In connection with the composition curve in Fig. 1 of the 
paper, the compositions given at the left-hand edge and the right- 
hand edge can be accurately calculated for any fuel gas. The 
compositions given between these two extremes cannot be cal- 
culated but have been determined by values obtained from the 
operation of properly designed commercial apparatus. In all of 
this discussion the residual methane is extremely small and the 
gases are reacted to form the approximate ideal balance between 
carbon monoxide, carbon dioxide, hydrogen, and water vapor. 
In all cases the values given on the curve assume tempera- 
tures sufficiently high to prevent any excessive formation of 
carbon in any form and limit the residual methane to very small 
values. 

Mr. Tour’s quite complete comments on the effect of tempera- 
ture on composition are correct and have been substantiated by 
actual operating experiences. The composition given in the 
curve, Fig. 1, however, is based on operation of commercial 
equipment specifically designed so that it will always operate at 
sufficient temperature level to eliminate practically all carbon 
deposits and to limit the residual methane to very small amounts. 
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As Mr. Tour points out, it is important also to consider water- 
vapor content of the gas. The approximate magnitude of this 
value is also shown in Fig. 1. In giving specific compositions of 
the gases throughout the paper, a water-vapor content before 
partial condensation is not given. The water-vapor content after 
condensation or drying is the value given since this is the prac- 
tical value, of interest to the user. However, this does not mean 
that water vapor is not an important factor in the use and appli- 
cation of gas atmospheres. Ina great many cases a water- vapor 
content is more important in its effects than any of the other 
constituents in the gas. Here again, however, a more complete 
discussion of this question was beyond the scope of the present 
paper. 

As pointed out by Mr. Tour, the temperature of operation is 
more important than the use of a catalyst. However, in the prac- 
tical design of commercial equipment it has been found that 
catalysts are essential for speeding up the rates of reactions and 
thus limiting the physical size of the equipment to reasonable 
values. 

Concerning the removal of carbon dioxide, the chemicals used 
for this purpose are the ethanolamines. The use of caustic soda 
is possible, but in general, operating costs for the type of system 
are high enough to make the use of the ethanolamines more at- 
tractive. 

Cost figures are based on average cost for natural gas as a 
fuel, and many of these figures are doubled if expensive manu- 
factured gas is the available fuel. 

The ammonia combustion equipment described in the paper 
could be simplified as pointed out by Mr. Tour, by performing the 
ammonia cracking and the burning in one operation. However, 
on the processes justifying this type of equipment, it is not worth 
while risking a formation of nitrous oxides and it is therefore 
considered more practical to eliminate these by using separate 
equipment for dissociating the ammonia. 
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A Graphical Solution of Windshield 
Heat Deicing Problems 


By H. H. HAUGER, JR.,1 SANTA MONICA, CALIF. 


It is the purpose of this paper to present the problem 
behind the design of an air-heated double-paneled wind- 
shield for aircraft. A windshield ice-prevention nomo- 
graph is proposed as a rapid accurate method of making a 
design analysis of the air-heated windshield. With its 
use the designer has at his disposal a visual means of 
determining the relative importance of the variables in- 
cluded within the design, so as to arrive at the optimum 
solution for a given installation under the conditions im- 
posed. The sample problems analyzed in this paper indi- 
cate that the required windshield strength be designed 
into the inner panel with an outer panel of tempered glass 
so as to obtain the highest outer-surface temperatures. 


INTRODUCTION 
| NTIL recently the usefulness of the airplane was somewhat 


limited due to the formation of ice on various surfaces. 

The early air-mail pilot had to turn back or try to fly 
through the icing weather, bailing out becoming necessary more 
times than not. Travelers became reluctant to fly in the winter 
months since the commercial air lines operated only in favorable 
weather. But the air lines had to maintain regular schedules and 
overweather flying developed. Even then many flight plans had 
to be changed in order to avoid icing conditions. 

The war has changed this outlook. Military and naval opera- 
tions must be made regardless of weather conditions. To over- 
come these difficulties the ice formations on aircraft must either 
be prevented or removed. Ice may be prevented by taking an 
ice-free path, although icing conditions might move in unex- 
pectedly. Merely avoiding ice means that many scheduled flights 
and military missions would have to be canceled. Therefore 
the only logical way to maintain flight in icing weather would 
be to remove or prevent ice from forming on certain surfaces, 
which would seriously affect the flying characteristics of the 
airplane, by either mechanical, chemical, or thermal means. 

The windshield is an example of such a surface since adequate 
vision must be maintained at all times for successful operation. 
A mechanical means of removing ice is the windshield wiper 
which has been used with little suecess. A chemical anti-icing 
fluid which reacts with the ice to prevent its adhesion to the glass 
surface was found to be satisfactory if proper distribution of the 
fluid over the surface can be maintained. With this type of in- 
stallation, though, the visibility is impaired by clouding and 
smear resulting from the use of anti-icing fluids. 

Heat is one of the most successful and practical means of pre- 
venting the formation of ice. One method is to circulate heated 
air against the inner surface of the windshield glass, raising the 
outer surface to a temperature above the freezing point of water. 
If ice has already formed, the surface under the ice is raised to a 


_' Air Technical Service Command, A.A.F.; formerly Air Condi- 
tioning Design Engineer, Douglas Aircraft Company, Inc. 
Presented at a meeting of the Aviation Division, Los Angeles, 
Calif., June 5-9, 1944, of Tae Amertcan Sociery oF MECHANICAL 
ENGINEERS. 
Nore: Statements and opinions advanced in papers are to be 
‘understood as individual expressions of their authors and not those 
of the Society. 


temperature of about 32 F which reduces the adhesion of ice to 
the glass surface; the air stream then carries the ice away. It is 
the design of an air-heated double-paneled windshield with which 
this paper deals exclusively. 


Arr-HeaTep DovuBLE-PANELED WINDSHIELD 


Good vision through the windshield involves a threefold 
problem: (a) The prevention and removal of ice on the outer 
surface; (b) prevention and removal of frost or window fog from 
the inner surface; and (c) removal of rain from the outer surface. 
An air-heated installation capable of successfully preventing the 
formation of ice on the outer surface will remove both the frost 
and the rain. Several windshields of the double-paneled air- 
heated type have been constructed and tried repeatedly in icing 
conditions by the National Advisory Committee for Aeronautics. 
The device appears to be satisfactory and many installations 
which have given satisfactory service have been made on both 
commercki and military aircraft (1).? 

A typical construction of an air-heated double-paneled wind- 
shield is shown in Fig. 1. The outer panel is laminated; a sheet 
of plastic, such as vinal, being inserted between two sheets of 
tempered glass. This laminated panel is needed for structural 
reasons only, for the windshield must pass satisfactorily an “‘im- 
pact test,”’ in order to demonstrate its ability to withstand colli- 
sions with birds during flight. The inner sheet completes the 
double-panel arrangement, being made from a sheet of plexiglas 
or its equivalent. The air gap thus formed allows the heated air 
to be concentrated against the outer panel, thereby improving 
the heat transfer over that experienced by a single-panel blast- 
air arrangement. The heated air enters the air gap through an 
inlet plenum which should be well designed to distribute the flow 
of air evenly over the windshield surface. The circulating-air 
exhaust may be either to the outside air or to the cockpit as 
shown, aiding the cabin-heating system. 

The source of heat may be from heat exchangers, employing 
the waste heat in the engine exhaust, or from internal-combustion 
heaters located near the windshield. The source of pressure is 
usually the ram pressure of the airplane. However, a blower is 
often installed to supply the necessary pressure for defrosting 
during taxiing, take-off, or landing. 

The design complications are now becoming evident. A lim- 
ited amount of air will be forced through the air gap, the amount 
being determined by the gap length, gap thickness, and available 
pressure. A limit is also set on the air temperature allowed to 
enter the double panel, as there is a definite maximum tempera- 
ture which the plastic can withstand without deterioration. 
Often the exhaust from the windshield enters the cockpit just 
over the pilot’s head and to alleviate any discomfort due to this 
hot-air blast, a restriction is placed on the exhaust-air tempera- 
ture. Finally, the windshield must be able to remove ice under 
the worst of flying conditions, which corresponds to the condi- 
tion resulting in the highest coefficient of heat transfer over the 
outer surface. For a definite ambient air temperature and wind- 
shield size, the average heat-transfer factor for turbulent flow 
over a flat plate is given in reference (2), as varying directly 


2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Fig. 1 Derartts oF AtR-HEATED DovBLE-PANELED WINDSHIELD 


with the 0.8 power of the air velocity and density. Expressed in 
equation form 


(Average) ho 


It is therefore apparent that the most heat is required at the 
lowest altitude and the maximum airplane speed. 5 

A moment of reflection will indicate a definite need for a graphi- 
cal solution to such a design problem. An identical calculation 
would be required for each proposed structural change. Then 
for each air flow there is a corresponding gap size which may or 
may not be a practical size for ease of construction. In time 
of war there is also a real need for speed in designing. On the 
other hand, a graphical solution by the use of a nomograph al- 
lows a visual means of determining the effect of each variable 
so as to arrive at the optimum design for a particular installa- 
tion. 

Bearing these factors in mind, the windshield-ice-prevention 
nomograph, Fig. 2, was prepared. The following nomenclature 
corresponds to the symbols used in the development of the equa- 
tions appearing on the nomograph: 


NOMENCLATURE 


cross-sectional area of gap, sq ft 
= windshield width, ft 
C, = specific heat of air at constant pressure, Btu/Ib deg F 
d = gap thickness, in. 
Dz = equivalent diameter of air passage between panels, ft 
f 
g 
G 
h 


A 
b 


= friction factor for air flow, dimensionless 
= acceleration of gravity, 4.17 X 108 ft per hr per hr 
= weight flow of air per unit area, lb/(hr)(sq ft) 
= average convection heat-transfer coefficient on cockpit 
side of inner panel, Btu/(hr)(sq ft) (deg F) 
h; = average convection heat-transfer coefficient inside air 
gap, Btu/(hr) (sq ft) (deg F) 
ho = average convection heat-transfer coefficient over 
outer windshield surface, Btu/(hr) (sq ft) (deg F) 
k = thermal conductivity of each lamination, Btu/(hr) 
(sq ft) (deg F)/in. 
L = length of windshield parallel to direction of air flow in 
gap, in. 
l = thickness of each lamination, in. 
AP = total pressure drop of air in gap, in. water 
AP’ = pressure drop of air in gap per foot of windshield length 
at sea level, in. water 


P = perimeter of gap, ft 

= heat transferred through inner panel, Btu/(hr) (sq rt) 

go = heat transferred through outer panel, Btu/(hr) (sq ft) 

R = Reynolds number, dimensionless 

R,; = thermal resistance of inner panel, (deg F) (sq ft)/Btu 
/hr 

Ry = thermal resistance of outer panel, (deg F) (sq ft) 
/Btu/hr 

T = average temperature of air in gap, deg R 

At = temperature drop of circulating air in gap, deg F 

Atay = arithmetic temperature difference between average 
temperature of air in gap and outside air, deg F 
Atay; = arithmetic temperature difference between average 

temperature of air in gap and cockpit temperature, deg 
F 

t; = entering circulating air temperature, deg F 

t, = leaving circulating air temperature, deg F 

U> = over-all heat-transfer coefficient across outer panel, 
Btu/(hr) (sq ft) (deg F) 

U; = over-all heat-transfer coefficient across inner panel, 


Btu/(hr)(sq ft) (deg F) 
= specific volume of air at entrance and exit, respectively, 


of a duct, cu ft per lb 
W = total air flow to windshield, lb per hr 
w = air flow through windshield per foot of windshield 
width, lb per hr per ft 
y = weight density of air, lb per cu ft 
Yave = average weight density of air in a duct, lb per cu ft 
= absolute viscosity of air, lb/(hr)(ft) 


THERMODYNAMIC ANALYSIS 


An analysis of the thermodynamic design of an air-heated 
double-paneled windshield will now be made. The final equa- 
tions derived during the course of the following analysis are 
found in nomographic form in Fig. 2. 

Referring to Fig. 1, if the temperature rise of the outer sur- 
face over the outside air be denoted as Af, and if the average 
heat-transfer coefficient over this surface be denoted as ho, then 
the heat transferred from this surface to the outside air per 
square foot of surface is given by (3) 
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HAUGER—A GRAPHICAL SOLUTION OF WINDSHIELD HEAT DEICING PROBLEMS 


The heat transferred through the outer panel is identical with 
that as given in Equation [1]; therefore 


This is Newton’s law of heat transfer through a solid wall from 
one fluid to another. In Equation [2] the arithmetic-mean 
temperature difference is used in place of the more correct log- 
arithmic-mean temperature difference, introducing an error of 
less than 4 per cent (4), as will be explained later in the sample 
problem. The over-all heat-transfer coefficient Uy is defined as 


The thermal resistance to heat transfer, Ro, for a laminated panel 
depends on the thickness 1, and thermal conductivity k, of 
eaeh lamination, as 


ls l, 
+ + (4) 
The heat-transfer coefficient inside the gap formed by the 
two panels is calculated (5) by the equation 
( 


G)?9.80 

hy X 1074 7 pew .. [5] 
Although Equation [5] was developed for flow in pipes, it can be 
applied with reasonable accuracy to small rectangular ducts by 
the substitution of the equivalent diameter Dg, for the pipe 


diameter D. Letting w = 7° the air flow through the gap per 


foot of windshield width; then 


6] 
db 
12 


4 
4A 
P 2d ob 


Since the gap width is very much smaller than the gap length, 


2d 
slight error will be introduced in dropping the (73) term from 


the denominator of the fraction in Equation [7]; therefore 
De = . [8] 
Substituting Equations [6] and [8] into [5] 
(2 0,80 
he = 5.56 X 70.208 
or 


Since the available pressure drop through the windshield 
determines the air flow, an expression will now be developed 
relating the pressure drop to the air flow and gap thickness. 
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The well-known Fanning equation for pressure drop in inches 
of water for a straight duct (3) is 


L G? V2 


AP 


Since the change in specific volume of the air as it passes through 
the windshield is negligible, the second term in the right side of 
Equation [11] may be omitted. Therefore 
4f L @ 
2gy5.2 


AP 


Denoting the pressure drop per foot of windshield length as AP’ 


(13) 
6 
The friction factor f is given (3) by 
_ 0.046 14 
where 
d 
5) 


The values of y and u will be evaluated for sea-level altitude and 
at an average temperature of 200 deg F, which is the approximate 
average air temperature in the gap for the majority of the prac- 
tical windshield designs (6). Therefore 


y = 0.060 Ib per cu ft, and « = 0.053 lb/(hr) (ft) 


Substituting the value of u into Equation [15], evaluating the 
friction factor f, and then replacing f,y, and g by their numerical 
values in Equation [13], this equation becomes 


AP’ = 29.65 X 1078 {16} 

Note that Equation [16| was developed for sea-level altitude . 
and for a windshield length of 1 ft. It will be necessary to cor- 
rect the chart value of AP’ for the design altitude and windshield 
length under consideration. 

It is now necessary to determine the amount of heat transferred 
into the cockpit through the inner panel, for the total tempera- 
ture drop in the air passing through the gap depends on the 
total amount of heat transferred from the double panel. The 
over-all coefficient of heat transfer is calculated from the equa- 
tion 

1 


1 
—=-+R;+- 


The assumption is made that the convection-heat-transfer coef- 
ficient, h, on the cockpit side of the inner panel is equal to 1.65 
Btu/(hr) (sq ft) (deg F) (7). Then the heat transferred through 
the inner panel from the air in the gap to the cockpit is 


where once again the arithmetic-mean temperature difference 


_ rather than the logarithmic-mean temperature difference is used. 


Upon equating the total heat lost from the air in the gap to the 


= UoAt 2 
U h: } 
2 
12w 
As 
By definition the equivalent diameter for a rectangular duct is eee 
d 
= 
pe 
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HAUGER—A GRAPHICAL SOLUTION OF WIDSHIELD HEAT DEICING PROBLEMS 
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total heat transferred through the double panel, the tempera- 
ture drop in the circulating air can be calculated from 


L 
(4 + +5 


At 
wl, 


To recapitulate, the eight fundamental equations derived, 
which are in nomographic form in Fig. 2, are as follows 


Go = ho 
1 1 1 
i, + Ro + (3) 
.80 
u 
AP’ = 29.65 X . [16] 
1 1 1 
U; hg + R; + {17] 
= U;A . [18] 
L 
(4; + q) 2 
wl, [19] 


It would be well to note that any additional surface tempera- 
ture rise due to the phenomena of kinetic heating has been 
neglected in this analysis. Kinetic heating has been neglected 
for three reasons; (a) for speed of best range kinetic heating is a 
minimum; (b) the temperature rise depends on the specific 
heat of “wet” air, the value of which is not accurately known 
since the exact amount of water present in the air under icing 
conditions is unknown; and (c) the calculated value of the sur- 
face temperature by the nomograph will be conservative. 


APPLYING THE NOMOGRAPH 


In order to illustrate the use of the nomograph, a sample 
problem will be calculated by use of the eight equations just 
given and compared to a nomographic solution. However, before 
the design equations can be applied, certain data relating to 
materials and dimensions of the windshield, entering-air tem- 
perature, leaving-air temperature, air speed, and allowable pres- 
sure drop must be known or assumed. For a typical case these 
data are as follows: 


1 For the outer panel (refer to Fig. 1) 
l, = 0.125 in., k, = 7 Btu/(hr)(sq ft)(deg F)/in. (8) 
l, = 0.020 in., ky = 1.44 Btu/(hr)(sq ft) (deg F)/in. (8) 
1, = 0.125 in., ks = 7 Btu/(hr)(sq ft) (deg F)/in. (8) 
2 For the inner panel (refer to Fig. 1) 
l = 0.250 in., k = 1.45 Btu/hr sq ft deg F/in. 
3 For the windshield dimensions 


L = 18 in. 
b = 13 in. 


4 Entering-air temperature, t, = 230 deg F 
5 Leaving-air temperature, tg = 170 deg F 
6 For 25,000 ft altitude, minimum air speed is such that 
ho = 25 Btu/(hr) (sq ft) (deg F); total allowable AP 
= 1.85 in. water 
7 Forsea level, maximum air speed is such that 
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ho = 40 Btu/(hr)(sq ft) (deg F); total allowable AP 
= 10 in. water 
8 Outside-air temperature = 0 deg F 
9 Outer-surface temperature to be maintained = 40 deg F 
10 Cockpit temperature = 70 deg F 


The problem then resolves itself into finding what value of d 
in conjunction with w will provide the necessary surface tem- 
perature within the allowable pressure drop at 25,000 ft. At 
this altitude and at minimum speed the ram pressure is the 
smallest. Then with the gap size set, the maximum required 
heat input is determined from the maximum speed at sea level. 

The solution of this problem proceeds in the following manner 

From Equation [1] at 25,000 ft 


go = 25 X 40 = 1000 Btu/hr sq ft 


Assume an average temperature of circulating air in gap o! 
200 F. Then from Equation [2] 


1000 
Uo (200 —0) > Btu/(hr) (sq ft) (deg F) 
From Equation [4] 
0.12 0.125 
Ry = = 0.0496 (deg F) (sq ft)/Btu/hr 


Therefore from Equation [3] 


1 
= 0.1104 


~ 


= 


h; = 9.05 Btu/(hr) (sq ft) (deg F) 


Now, evaluating Equation [10], for d = '/s in. (assumption), 
and solving for w 


= (460 + 200)°-2% = 6.81 


0.125 X 9.05 X 104 
10-80 = 
xX 6.81 


= 28.6 


w = 66 lb per hr per ft 


Total air flow to the windshield is 
13 
W = 66 X = 71.5 lb per hr 


Now from Equation [16] 


(0.125) 
= 0.289 in. water for sea-level altitude 


AP’ = 29.65 X 107* 
For 25,000 ft altitude, the total pressure drop is 


(2.22) (4) 
\i2 


where 29.92 = standard atmospheric pressure at sea level, 


in. Hg; and 11.1 = standard atmospheric pressure at 
25,000 ft, in. Hg. 
Solving 


AP =0. 289 X2.69X1.5=1.165 in. water 


which is less than that available. 


. 250 
= = 0.1725 (deg F) (sq ft)/Btu/hr 


Now R; = 14 


- 
| 
4 
Bs 
| 
: 
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TABLE 1 DATA FOR SAMPLE PROBLEM SOLUTION FROM NOMOGRAPH, FIG. 2 
Windshield length, Z = 18 in. Windshield width, b = 13 in. 


Column No. 1 2 3 4 5 


Altitude 25000 '125000 125000 "| 25000 425000' 


Outside Air Temperature, 0 0 0 0 te) 


Outside Average Heat 

Transfer Coefficient, h, 25 25 25 25 25 
Surface Temperature To 40 
Be Maintained, °F 


40 


Heat Transferred Through 
Outer Panel, Io 


Average Temperature Of 
Circulating Air In Gap,tay» 


Over-all Coefficient Of 


Heat Transfer, U, 


Thermal Resistance Of 
Outer Panel, Ro +0496 |.0496 


Inside Convection Heat Trans- 
fer Coefficient In Gap, hy 9-09 2005 


Gap Width, d, in inches 3/16 | 1/8 


Air Flow Per Foot, W 110 | 185 


Pressure Drop Per Foot, AP’ 


Total Pressure Drop At The 
Altitude Considered,4P 1.42 -927 
Thermal Resistance Of 
Inner Panel, Ry 1725 03725 


Over-all Coefficient Of 
Heat Transfer, Uy 1.126 


Heat Transferred Through 
Inner Panel, a4 145 162 


Total Temperature Drop In 
F 


Circulating Air, At, 68 60 50 


Entering Air Temperature, 
OF 230 230 


Leaving Air Temperature 
to, OF 170 | 180 | 188 


12,0014, 30416, 20¢ 


and from Equation [17] must be recalculated, assuming a lower average gap air tempera- 
ture until all conditions are satisfied. 

tg 5 9.1725 + - = 0.8889 The solution for this same problem is shown in Fig. 2 and 

U; 9.05 1.65 ; tabulated in Table 1, column 1. Good es — 
when the chart values are compared with the calculated values. 

A simple calculation will show the validity of using the arith- 

Then by Equation [18], for a cockpit temperature of 70 F metic-mean rather than the logarithmic-mean temperature differ- 

ence. Referring to Fig. 3 the temperature difference (At) be- 

& = 1.125 GOO— 10) tween the entering-air temperature and outside-air temperature is 

= 146 Btu/(hr) (sq ft) 254 deg F, and for the exit condition, A = 146degF. From refer- 


The total temperature drop in the gap is, from Equation [19] 


OUTSIDE AIR 
(1000 + 146)(1.50) _ 108.5 deg F °F TEMPERATURE 
66 X 0.24 


O°F 


At 


Hence the entering-air temperature must be 


8. 
t = 200 + > = 254.2 deg F 


Nn 


108.5 
= 200 = 145.7 deg F 


LENGTH 


It is noticed that the entering-air temperature ¢ is higher 
than the maximum allowed. Therefore the complete problem Fie. 3 Curve oF TEMPERATURE DIFFERENCES 
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| 5.1. |5-1. | 
40 40 
1000 1000] 1000 1000 |1000 1600 | 1600 | 1600 
200 | 185] 190] 180 
7.80 |7.63 
| 220 | 220 | 
SAE 
1.90 
an 
8 
1725 |.1725 |.172 
~ 
|. 
3 
and 
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ence (4), the logarithmic-mean temperature difference is given by 


At; — At 
Attu ah 
254 — 146 
254 5 deg 
146 


The arithmetic-mean temperature difference would be 


Error = 2'/s per cent. 

Table 1 has been prepared by the use of the nomograph, 
Fig. 2, to illustrate one method of determining the correct gap 
size and air flows. This method is to assume various gap sizes 
and, in conjunction with the desired outer-surface temperature, 
solve for the required air flows and circulating-air temperatures. 
Column 2 is a corrected version of column 1, indicating that 
the average temperature of the circulating air should be 185 deg F, 
instead of 200 deg F in order that the design conditions be satisfied. 
Other gap sizes were then assumed as indicated in columns 3, 4, 
and 5, and the problem again solved, the results indicating that, 
at 25,000 ft, a */se-in. gap is out of the question due to the high 
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pressure drop but that a '/s, 5/s, or °/is-in. gap may be satis- 
factory. Columns 6, 7, and 8 prove that at sea level a '/s-in 
gap is more to be desired than either of the larger gaps because 
of the lower heat requirement and lower exit-air temperature 
from the windshield, 

Another method of solving the sample problem, by use of the 
nomograph, Fig. 2, is to determine the maximum air flows for 
various gap sizes from the available pressure and to solve for the 
resulting outer-surface temperature, choosing the gap size which 
satisfies the design conditions. By this method Table 2 was 
prepared. Referring to the design requirements of the preced- 
ing sample problem, the pressure available at an altitude of 
25,000 ft is 1.85 in. of water. This corresponds to a pressure 
drop at sea level per foot of windshield length of 


AP’ 1.85 0.457 in. wate 
 \99.92/ \is 


This pressure drop determines the air flow through the wind- 
shield which, in turn, determines the outer-surface temperature. 
In Table 2, column 1 shows that a #/3:-in. gap does not give the 
required 40 deg F surface temperature, but that this temperature 
rise is realized by a '/s, °/s, or */,¢-in. gap size, as shown by 
columns 2, 3, and 4. 

If the air flow through the windshield were determined by the 
comparatively large amount of pressure available under sea-level 
flying conditions, an oversized heating system would result 


TABLE 2 DATA FOR ALTERNATIVE SOLUTION OF PROBLEM 


Windshield length, L = 18 in. 


Windshield width, 6 = 13 in. 


Column No. 1 2 3 4 5 6 7 | 8 

Altitude | S.L.| S.L.| 
ne 1.85 [1.85 [1.85 | 2.85] 2.85 {1.95 11.44 [2.85 
457 |.457 1.457 |.657 11.90 [1.30 | .96 |2+90 
Assumed Gap Size, 4 3/32 | 1/8 15/32 | 3/16 15/3 3/16| 1/8 
Air Flow, W PER Foot 5] 86 120 163 185 220 250 | 185 
prerese, Of | 190 | 200 [avs | aro | 295 
cer Coeff 9-9 |12.0 [11.4 [12.2] 20.5 Jag.0 [27.6 [20.45 
of -0496] .0496].0496 £0496 |.0u96 }.0496 |.0357 
Pranafer Coefficient, no | 2° | 25 | 25 | 25 | | 40 | | 10 

of [3.00 | 3.03 [2.00 | 7.8 
910 }1040 | 1075 | 1160 }1600 | | 1775 
urface Temperature, °F 36.4 141.6 43 146.4 | 40 40 LO | 44.5 
Thermal Resistance Of 1725 |.1725|.1725 |.1725]1725 |.1725 |.1725 |.0496 


Inner Pane!, Ry 


Over-all Coefficient Of Heat 
Inner Panel, U, 


1.153} 1.20 /1.193 | 1.19 


116 | 131 | 136 | 150 | 157 | 162 | 170] 180 
ireuleting Air, At, °F | | | so] 60 | so | 70 
oun, | Temperature, 234 229 222 225 230 230 232 ns 
wan: °c ‘eee 116 | 141 | 158 175 | 170 | 180 188{| 160 


ater Requirement 
suming a 250°F Rise 


12, 000]14, 30026, 20012, 000 


on 
as 
alt 
mé 
be 
ra 
F 
ee Ce 
7, 
a 254 — 146 P 
= 
ee eS Atavo = 2 200 deg F gl 
ce 
Ww 
a 
p 
/ 
d 
8; 
t 
are 
i 
‘ 
| 
| } 
~ 
| 
Sie 
| 
| 
1.145 j1.148 
| 
| 
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Hence the maximum required heater capacity should be based 
on an adequate outer-surface temperature and the gap size 
as determined by the minimum available pressure at the critical 
altitude (25,000 ft in this sample problem). A manual or auto- 
matic temperature control of the heater-outlet temperature must 
be provided by utilizing, through a valve or damper, the excess 
ram pressure at the low altitudes. Thus the maximum heat 
requirement was determined by method 1 as tabulated in Table 1. 
Columns 5, 6, and 7 of Table 2 were merely copied from columns 6, 
7, and 8 of Table 1. 

Another windshield configuration worthy of consideration is to 
design the required impact strength into the inner windshield 
panel and to construct the outer panel of one sheet of tempered 
glass. By this arrangement a higher outer-surface temperature 
can be maintained due to the decreased thermal resistance of the 
outer panel. As an example of such a design the sample problem 
was again solved by the windshield ice-prevention nomograph, 
assuming that the laminated panel replaces the plexiglas inner 
panel, and that the outer panel is constructed from a sheet of 
'/,-in. tempered glass. Referring to column 8 of Table 2, a 4.5- 
deg F higher surface temperature rise was obtained using the 
same '/s-in. gap size and air flow, with a further desired reduc- 
tion in the leaving-air temperature of the circulating air. 


CONCLUSION 


The paper demonstrates that a logical method of solution for 
windshield heat deicing problems may be derived from a nomo- 
graph. One of its most important features is the saving of time 
in making a detailed design analysis of such an installation. 
As quick as two points can be connected with a straightedge the 
equation is solved with the position of the decimal point already 
ascertained. Of course a knowledge of the design equations is 
necessary for a complete understanding of this type of problem, 


but once the background study is completed, a graphical solu- 
tion is required to alleviate the monotony of making the same 
calculation over and over for each proposal. 

Inasmuch as the exact heat requirement needed to keep the 
windshield outer surface at a specified temperature in icing con- 
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ditions is not accurately known, an installation designed with- 
out the benefit of kinetic heating should prove successful in ad- 
verse weather. Also, the possibility of constructing the outer 
panel of tempered glass and designing the required structural 
strength into the inner panel should not be overlooked because 
of the increased heat-transmission quality of this type of oute7 
panel. The smallest gap size possible within the limits of the 
problem is to be desired, as the required heater size and exit-air 
temperature are kept to a minimum when the windshield is de- 
signed as the most efficient heat exchanger possible. 

It may therefore be seen that an air-heated windshield is 
more than just two panes of glass, the gap of which is assumed 
and to which only the excess air from the cockpit heating system 
is allowed to be utilized. It is hoped thatt his windshield ice- 
prevention nomograph will be of some benefit to the aircraft 
engineer as a timesaver. 
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An Acceleration Damper: Development, 
Design, and Some Applications 


By PAUL LIEBER? ann D. P. JENSEN? 


An acceleration damper is essentially an impact damper, 
consisting of a mass particle within a container such that 
the particle has specified freedom to move relative to the 
container. The efficiency of the damper depends critically 
on the freedom of the particle relative to its container. 
The energy of the mass particle, which is energized by its 
container, is dissipated in impact. The mechanism and 
theory of the acceleration damper are discussed and de- 
veloped in this paper. The theory yields formulas from 
which the acceleration damper can be designed efficiently 
for specific application. Theory and procedure for calcu- 
lating the motion of a mechanical system, as influenced 
by a given acceleration damper, are developed. Tests were 
conducted and the agreement between theory and ex- 
periment is found to be good. These results show that 
friction forces acting on the mass particle are detrimental 
to the efficiency of the damper. Finally, a method for cal- 
culating the effect of the acceleration damper on flutter 
is also developed, which is accompanied by numerical re- 
sults related to an actual airplane. It is indicated that 
the acceleration damper may have fundamental and nu- 
merous applications, some of which are fatigue, helicopter 
vibration control, aircraft vibration control in general, 
and to facilitate flight testing for flutter without endan- 
gering aircraft. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


6 = phase angle between damped system and mass par- 
ticle 
rectilinear co-ordinate of mechanical system, ft 
curvilinear co-ordinate of mechanical system, ft 
maximum rectilinear amplitude of system, under- 
going simple harmonic motion, ft 
free path of mass particle in its container, ft 
spring constant of schematic mechanical system, 
lb per ft 
mass of schematic mechanical system in slugs 
mass of free particle of acceleration damper in slugs 
time variable, sec 
= frequency of oscillation, radians per sec 
force exerted on vibrating system by mass particle 


= 
8 = maximum curvilinear amplitude of system, ft 


J (ot) 


unit step function whose periodicity is a function of 
0 


‘ The material of this paper is based on a Douglas Company Re- 
port, Santa Monica 8195, issued April 4, 1944, by co-authors Paul 
Lieber and D. P. Jensen, and on a Technical Memorandum issued 
by the company dealing with the solution of a vibration problem. 

? Douglas Aircraft Company, Inc., Santa Monica Plant, Santa 
Monica, Calif. 

Contributed by the Aviation and Applied Mechanics Divisions 
and presented at the Annual Meeting, New York, N. Y., Nov. 27- 
Dec. 1, 1944, of Tue AMERICAN SocteTy OF MECHANICAL ENGINEERS. 
Also presented at the Meeting of the A.S.M.E. Aviation Division, 

s Angeles, Cal., June 11-14, 1945. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


T = period of impulse 
5(t — RT) = a Dirac function used to represent impulse effect of 
free particle, and is finite fort = RT 
(ayw — #) = relative velocity of m and M 
R 
N = number of impacts per cycle 
P(t) = energy supplied by exciting force F(¢) to maintain 
constant vibration amplitude 2 or 3 
d = acceleration damping coefficient 
c = viscous damping coefficient 


INTRODUCTION 


The typical unit of the acceleration damper is essentially an 
impact damper consisting of a mass particle given freedom to 
move relative to the periodic motion being damped (see Figs. 
4, 5, and 6). In what follows such relative motion will be de- 
scribed by the phase angle 6. The damping force is proportional 
to the absolute acceleration of the damper. In order to design 
the acceleration damper efficiently and to apply it effectively, its 
mechanism is investigated and its effect is quantized by some 
theoretical and semiempirical considerations set forth in this 
paper. The efficiency of the damper is a function of the phase 
angle 6 between the motion of the mass particle, and the motion 
that is being damped by it. It is emphasized that in the accelera- 
tion damper each particle moves in a separate channel with pur- 
pose of minimizing friction forees on the particle. Dampers con- 
taining fine multiparticles in a single container have been com- 
pared experimentally to the acceleration damper, and they were 
found to be relatively inefficient. It is believed that the ineffi- 
ciency of the multiparticle dampers is caused by the friction 
forces acting between particles contained therein. This conclu- 
sion is borne out in Figs. 11, 12, and 13. 

In practice a finite phase angle can be realized by inserting a 
mass particle in a channel fixed to the moving body, the depth of 
which exceeds the principal dimension of the particle. The mag- 
nitude of the phase angle is determined by the dimensions of 
the particle, depth of channel, and the amplitude of oscillation. 
It is independent of frequency. In asense then, one can represent 
the effect of the phase angle on the damping unit by an equival- 
ent damping coefficient for a given amplitude of oscillation. The 
damping coefficient is then a function of the periodic amplitude 
and is independent of frequency. The theory is developed for 
rectilinear motion. However, the theoretical results are also 
applicable to curvilinear motion by replacing the rectilinear am- 
plitude zo by the curvilinear amplitude 8p. 

The following applications are indicated and warrant experi- 
mental investigation: 


1 Facilitate flight testing for flutter without endangering air- 
craft 
Fatigue control of primary and secondary structures 
Reduction of vibration amplitude associated with buffeting 
Control of vibration effects associated with compressibility 
Control of helicopter vibration 
General vibration control. 


One of the useful features of this damper is that from its very 
nature it can be installed to provide a system of uniformly dis- 
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tributed damping forces and thereby have little effect on the 
modes of oscillation themselves. Since the damping force is a 
function of absolute acceleration its installation is simple. 

This paper considers some theoretical aspects of the accelera- 
tion damper itself and gives a formula enabling one to use em- 
pirical damping data in theoretical investigations of flutter and 
vibration phenomena. The elastic rebound between the mass 
particle and its container is assumed to be zero. 


“SK 


DAMPER 
M 
F=FSin wt 
Fig. 1 
THEORY 


Consider an acceleration damper installed on an inertia elas- 
tic system having one degree of freedom, being forced periodi- 
eally by F(t), such that a steady-state simple harmonic motion is 
maintained. It is imagined that a power supply P(t) exists, 
necessary to maintain such motion. The work done by the mass 
particle on the M and K system in a complete cycle is given by the 
integral 


0 dt 0 


= force exerted on vibrating system by mass particle m 
when in contact with M 
w = frequency of oscillation, radians per sec 
x = position of system 
maximum amplitude of system 
t = time variable 
M = mass of system 
K = spring constant of system 
F,(t) = periodic exciting force 


s 
= 
~ 

| 


8 
ll 


Since M undergoes simple harmonic motion the terms F,(t) and 
z of the integral in Equation [1] are illustrated graphically in 
Fig. 2. 


It is clear that due to the discontinuities in the function F y(t) 
the integral in Equation [1] is finite, i.e., Fp(t) is dissipative. In 
maintaining a constant amplitude of oscillation it is therefore 
necessary to provide a constant and finite power input P(t) over a 
cycle. 

Since, as will be shown, the effective damping coefficient of an 
acceleration damper is completely determined for a constant am- 
plitude z by the phase angle @ between the motion of the mass 
particle m and the mass M, the following analysis is based on 
steady-state simple harmonic motion. This analysis will bear 
out the nature of the dissipative forces as well as provide a for- 
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mula for calculating the efficiency of the damper as a function of 
the phase angle @. 

Consider the work done by the system of forces acting on the 
mass M over one cycle 


0 


fa m(xow — +)5(t — RT)z dt = work done per cycle. . . {2} 


For a brief discussion of the Dirac function refer to work by 
Carslaw and Jaeger.’ The effect of the acceleration damper is 
represented in two integrals in Equation [2]. The integral 


A méif(wt)dt is the work done by the particle on M after ex- 


erting its impact. When the particle is in contact with M, f(wt) 
= —1, and when particle is free, f(wt) = 0. The work exerted 
by the particle on M upon establishing contact with it is repre- 
sented by the integral 


m(xtow — £)x5(t — RT)dt 
0 


if the motion is simple harmonic, then 
= Zsin wl 
= wo ces wl 


= sin wt 


Substituting Equation [3] in Equation [2] gives 


Zo Sin wt row cos wt dt + M — sin wt - 
0 0 


cos wt dt + m —w*Zo Sin wt COS wt f(wt)dt + m 


— — 08 = | W..[4] 


work done per cycle. 

The first two integrals in Equation [4] vanish and the work 
done is determined by the remaining integrals whose values 
depend only on the design and efficiency of the acceleration 
damper. Equation [4] reduces to 


— sin wt+cos wt f(wt)dt + mxo%w* 
0 


4 (1 — cos wt) 5 (t — RT) cos wt dt = 


2e 
W....{5) 
0 


The first integral can be readily evaluated for a given phase angle 
6 since the phase angle completely defines the function f(t) 
which is illustrated in Fig. 3. 


2a /w 
By integrating sin cos wt f(wt)dt for a time interval 
6/w 
in which f(wt) is unity, and which is defined by 8@, oe contribu- 
tion of the term —mw*z? sin wt cos wt f(wt) dt to W can be 
readily calculated. It is 


+ sin? (wt) = — (6) 


*“‘Operational Methods in Applied Mathematics,” by H. 8. 
Carslaw and J. C. Jaeger, Oxford University Press, London, Eng- 
land, 1941, appendix 3. 
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Fia. 3 
The contribution of the second term in Equation [5] to the 
work done can be calculated as follows: 


Let 
(1 — cos wt) cos wt = (cos wt — cos? wt) = p(t) 


then the second integral in Equation [5] can be written in the 


form 
mIo%w* u(t) (t — RT) dt 
0 


One of the important properties of a Dirac function defined by 
the relations 


s(x) = 0,2 SO | 
O< 


is that for a continuous function f(t) 


f(08(t — RT)dT = = 
[8] 
=( 


The integral is finite for 
t= RT,R = t/T 


where 


Since f(t) is a continuous function 


Lim )  f(RT + = f(RT)......... 


Letting f(RT) correspond to u(t) in the foregoing expression, it 
follows from Equations [7] and [8] that 


f — RT)dt = ma%w*Nu(RT)| ...[10] 


0 


where N is the number of impacts per cycle. Combining Equa- 
tions [6] and [10] leads to the following simple expression for the 
work done by the acceleration damper over one cycle 


Qe 
2p 2 

W =< sin? + ma*w*Nu(RT)| .... [11] 
0 0 


where N is equal to the number of hits the mass particle experi- 
ences per revolution. The first term in Equation [11] represents 
the work done by the particle in moving alternately with and 
leaving the mass M of the system. The second term is the work 
done by the impact force of the mass particle m on M. 
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PERIODICITY OF CONTACT 


By periodicity of contact is meant the time elapsed between suc- 
cessive contacts of the particle m with M. As a preliminary to 
calculating the periodicity of contact, consider the time elapsed 
in which the mass particle m leaves M and re-establishes contact 
with M; (if the motion is simple harmonic, i.e., = 2 sin wt) 


it is 
T nat 
adt d+ cos wt dt 
Low Low 
where 


(1) dis the length of the free path of the mass particle m 

(2) the notations n and n + 1 are used to denote sequence in 
terms of an arbitrary cycle n. In particular n could be 
taken equal to zero 


|T ns 
d + | Sin wt d + 2 sin 
inw/w 
Tr+1 = = 
Low 


Low 
d = — sin w7n+1) = 2o(On+1 — sin On+1) .. [13] 


Equation [13] can be used for designing efficient acceleration 
dampers, since it gives a simple relationship between a desired 
angle @ and the depth of channel d in terms of 2. 

In calculating the periodicity of contact for a constant ampli- 
tude it is convenient to consider the following two cases sepa- 
rately: 


Case (1): @ < 180 deg 


Tn41 
a+ 
nx/w 1 


Tow 


= 


where T’, is the periodicity of contact. 


But 
d+ zdt 
na/w 


Tous 
1 
[15] 
@ 


That is for 6 < 180 deg the particle m will contact M two times 
per cycle. 


Case (2): 6> 180 deg 


There exists a phase angle @ < 180 deg for which the work done 
per impact is equal to that done by a corresponding @ > 180 deg. 
In other words, for the work done for phase angles 6, > 180 deg 
there exists a corresponding phase angle in the first two quadrants 
for which the work is the same. It follows therefore that the 
phase angle giving greatest damping efficiency for a single con- 
tact can be determined in the first two quadrants, i.e.,6 < 180 deg. 
Furthermore, since for@ < 180 deg the periodicity of contact is 2, 
and for 6, > 180 deg it is less than 2,it follows from Equation [11] 
that the phase angle corresponding to maximum energy dissipa- 
tion per cycle must be < 180 deg. 


= 
q 
[7] 
4 
(9 
| 
© 
Si 
in Equation [15] 
= 
é 
= 
SAR 
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A CRITERION FOR DETERMINING PHASE ANGLE 6, GivinG MaxI- 
MUM DAMPING EFFICIENCY 


In the foregoing discussion it was shown that 6, must be < 
180 deg. Thissimplifies the problem of determining @, for a given 
amplitude of oscillation. Equation [11] can be written in the 
form 


Nmw?2x? 


sin? + (cos oR T — cos*wRT). [16] 


for 0 <6 = 180deg, then T, = ~(see Equation [15] letting n =0). 
@ 


Since there are two hits per cycle, N = 2 and Equation [16] 


can be written in the form 


— sin? 6 + (cos 6 — cos? 6) = 


— (1 — cos 6)?.... [17] 
It is interesting to note that Equation [17] for the work done 

by the power supply can be arrived at directly by calculating the 

loss in kinetic energy of the mass particle per impact. It is 


where 


i: = absolute velocity of mass particle m 
%2 = absolute velocity of container 


4 


for simple harmonic motion, and considering two impacts per 
cycle Equation [17a] reduces to 


W = (1 — cos 0)?........... {17b] 


which is in agreement with Equation [18]. 

The reason for using the momentum approach for arriving at 
Equation [18] is to give a clear step-by-step picture of the 
mechanism of the acceleration damper and thereby facilitate 
handling of transient cases, effect of rebound, and extension of 
theory to modified cases. 

The phase angles 6, giving maximum and minimum damping 
efficiency can be determined by differentiating Equation [17] 
with respect to 6 and equating the result to zero. Differentiating 
Equation [17] and equating to zero gives 


dW 
eo.” — mw*x?[2 sin 6 cos 6 — 4 sin 6 cos 6 + 2 sin 6] 
0 


= —2zmw? sin 6 [1 — cos 0] = 


This is satisfied by 6 = 0 and @ = z, which corresponds to 
minimum and maximum damping efficiency, respectively. Ap- 
plying this result to Equation [13] we obtain d, = xox, where d, 
is the free path of m corresponding to maximum damping ef- 
ficiency. Equation [17] shows that the damping efficiency in- 
creases continuously from @ = 0 to 6 = z and the work done by 
the particle on the system is always negative. This means that 
power input is required to maintain a constant amplitude of os- 
cillation. 


CALCULATING MOTION OF A SINGLE DEGREE OF FREEDOM UNDER 
INFLUENCE OF AN ACCELERATION DAMPER 


The following development neglects the effect of friction on the 
motion of the mass particles in the acceleration damper. The 
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motion can be formally represented by an integral equation of 


the form 
t 


The solution of Equation [19] will be carried out by using step- 
by-step integration procedure for nonsteady harmonic motion as 
follows: 
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Let 
x(t) = a(t) sin wt 
= 1/2M (ao(t)w cos + wt)? ~ 
1/,K x2? = (xo (t) sin wt)? 


Then using Equation [17a] and substituting 2; = 2 sin (wt + @) 
and x2 = 2 sin wt the energy E(t) can be expressed as follows 
E(t) = 1/2M (ao(t)w cos wt)? + 1/2K (x(t) sin wt)? 
— 1/,M 2x9?(t)w?(1 — cos 6)? 

and X(t) = Flee 

to 
where 

6 is determined by d = 2(@— sin 6). (See Equation [13].) 

From this the logarithmic decrement can be determined and 
thence the value of c in Equation [22]. 

Typical designs of the acceleration damper are set forth in 
Figs. 4, 5, and 6. 


SuMMARY OF EXPERIMENTAL RESULTS AND CORRELATION WITH 
THEORY 


In the experiments conducted a cantilever beam was de- 
flected, then released and allowed to vibrate with and without 
damper units attached, the frequency being controlled by the 
length of the beam. The converging amplitudes were recorded 
by means of a seismograph. Figs. 11, 12, 13, and 14 are typical 
of the numerous recordings obtained in this manner. Fig. 15 
shows test results for an acceleration damper installed on a system 
excited by a simple harmonic force. The effective moment of 
inertia of the damper used, with respect to the center of rotation, 
was 15 per cent of the moment of inertia of the system. 

In general, the agreement between theory and experiment is 
good as borne out by Fig. 7, and the numerical results which are 
given in the next section. The efficiency of the acceleration 
damper is considered reduced when the friction of the moving 
mass is increased, as realized when using multiparticles in a single 
container. This can be seen by comparing Figs. 11, 12, and 13. 

The theory relating to flutter has not been experimentally 
verified and would necessitate flutter wind-tunnel tests. 


CoMPARISON BETWEEN CALCULATED AND MEASURED LOGARITH- 
Mic DECREMENT AT AN AMPLITUDE OF 0.358 IN. AND A FREQUENCY 
oF 9.875 RADIANS PER SEC 


Refer to Equation [19] 
386 in. 

w = 9.875 rad/sec 


%(ti) = 0.358 and is the maximum amplitude of the beam pre- 
ceding impact. Then the energy of the beam at impact 
is 


1.056 lb sec? 


386 in. 


7.39 
875)? = 0.12 
/2 X (0.358 x 9.8 5) 


and the energy of beam subsequent to impact is 


1.056 
X 386. X 0.358? X 9.875? 4 = 0.05 


giving 
7.39 
2= 5 
772 (a (t2)9.875) 0.05 


then 2o(t2) = 0.23 where 2(é2) is the maximum amplitude 
of the beam following said impact. 


The calculated logarithmic decrement is then 


0.358 
log -—— = 0.39 
°F 0.23 
as compared to the measured value 
0.358 
log ——— = 0.43 
°F (0.22 


In the foregoing computations the structural damping of the beam 
has been neglected, which is consistent with this comparison. 


CORRELATION BETWEEN ACCELERATION AND Viscous DAMPING 


In order to facilitate application of the acceleration damper to 
specific problems it is convenient to represent its effect by an ef- 
fective damping coefficient d such that when multiplied by the 
acceleration gives a damping force in phase with the velocity. 
The effective damping coefficient as defined can be conveniently 
determined experimentally and theoretically in accordance with 
the following development: The energy dissipated over a given 
time interval by an acceleration damper can be expressed in the 
form 


where j = 


The problem consists of determining d and to ascertain that it 
adequately represents the damping characteristics of the accelera- 
tion damper. In accordance with the following energy cri- 
terion, d can be readily expressed in terms of a viscous damping 
coefficient c corresponding to the decay curve obtained for the 
acceleration damper in the time interval 

At = (t2 — h) 


Proceeding in this manner gives 


ta te 
ty 


where ¢ is the corresponding viscous damping coefficient. 
From Equation [21], assuming simple harmonic motion 


te ts 
ja Sin wt cos wt dt = ave w? cos? wt dt 


Since 


(21) 


j%o sin wt = Zo sin (wt + 90) = 2 cos wt 


ts ts 
d | w*to? cos? wt dt = xc fi w? cos? wt dt 


dw = ¢; [22] 

Equation [22] enables one to calculate d in terms of the viscous 
damping coefficient c corresponding to the decay curve of the 
acceleration damper. Expressions of the form of Equation [20] 
can be used to represent the damping force of an acceleration 
damper in the equations of motion of a given system. 


INTRODUCTION OF ACCELERATION DampinGc Forces 1n Equa- 

TIONS OF Motion ENCOUNTERED IN FLUTTER ANALYSIS AND 

Equations OF Morion INVOLVING Harmonic ForcineG 
FUNCTIONS 


As an example, consider the coupled and uncoupled damping 
forces in the h, a, and 8 co-ordinates corresponding to an accel- 
eration damper installed near the trailing edge of an aileron, 


ie 
ts 
£ 
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where h, a, and 8 are the generalized co-ordinates for the un- 
coupled bending torsion and control-surface modes, respec- 
tively. Let d°° represent the uncoupled acceleration damping 
coefficient in the 8 generalized co-ordinate. The coupled and 
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uncoupled coefficients in the generalized co-ordinates, h, a, and 
B can be expressed in terms of d®° as follows 


8 
B 
768 
= gee = [03] 
rp? rB 
788 
TB ) 


where 


Tq = distance between damper and elastic axis 


rg = distance between damper and control-surface hinge 
line 
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d** = uncoupled damping coefficient in a 

d™* = uncoupled damping coefficient in h 
ad®* = q’® = coupled damping coefficient between h and 8 
d®* = ge = coupled damping coefficient between 8 and « 


= 


In the foregoing development it is assumed that the damper is 
installed in a control surface. The damping forces corresponding 
to the set of damping coefficients just given are as follows 


coupled damping coefficient between h and a 


= —jd°°B Fred = —j di 
Foat = —jd™ a Fast = —j 
Frat = —j Fond = —jd™*h \..... (24) 
Fert = —j = —jd™* a 
Fgad =—jda 


Equations [23] and [24] can be readily used in conventional 
three-dimensional flutter analysis by spanwise integration of the 
forces in accordance with an energy criterion.4 Equation [23] 
can also be introduced as generalized forces in any system of 
equations of motion. The effect of the acceleration damper on 
various flutter modes of an actual airplane has been investigated 
theoretically by introducing generalized damping forces of the 
form given by Equation [24]. The results are promising and indi- 
cate the damper to be effective, especially for high-speed flutter 


CONCLUSIONS 


Some conclusions relating to the acceleration damper are as 
follows: 

1 Its application to vibration control for aircraft is promising 

2 The agreement between the theory developed herein for 
the acceleration damper and available test data is good. 

3 The theory provides an analytical method for designing 
the acceleration damper efficiently for specific application. 

4 Results obtained relating to flutter justify experimental re- 
search regarding the application of the acceleration damper to 
flutter control. 

5 The results arrived at in this paper can be directly applied 
to curvilinear motion by replacing 2 by 8 and z by s. 


Nore: Patents on Acceleration Damper are pending. Use of this 


damper requires License Agreement. 


4**Three-Dimensional Flutter Analysis,’’ by W. M. Bleakney, 
Journal of the Aeronautical Sciences, vol. 9, Dec., 1941, p. 56. 


(Owing to travel emergency conditions existing when the second presentation of this paper was made, discussion will be accepted until 
November 10, 1945) 
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Heater Designs for the Petroleum Industry 


By J. H. RICKERMAN,' NEW YORK, N. Y. 


Present-day requirements for high-octane aviation fuels 
and for toluol and benzol fractions for use in the produc- 
tion of munitions increase the need for specialized types of 
oil heaters. In the past most oil heaters were designed by 
rule of thumb but this method gave way to more accurate 
empirical methods while attempts were being made to put 
the art of design on a sound theoretical basis. The em- 
pirical relationships used were derived from correlations 
of experimental and operating data, and these relation- 
ships were satisfactory when used to design heaters of 
types and service requirements similar to those on which 
the data were obtained. However, as soon as specialized 
requirements, such as higher temperatures, increased 
heat-transfer rates, different box shapes, etc., are in- 
volved, the extrapolation of empirical equations and 
methods becomes hazardous. For this reason strenuous 
efforts have been made to place all design equations and 
methods on a theoretical basis, and it is believed that these 
efforts have yielded satisfactory results. A discussion of 
these methods of design is the subject of this paper. 


which they are to perform, namely, as simple heaters in 
which no chemical conversion of the oil is‘to take place, 
and as reaction heaters, typified by cracking furnaces, in which a 
definite degree of conversion is desired. 


( 7: heaters may be classified on the basis of the service 


The basic problems 
are the same in the two types of heaters with the exception that 
in the reaction heater there is the additional requirement that the 
oil must be maintained for a specified time period at a given 
temperature, or over a given temperature range. 


FuRNACE SKETCHES 


Some of the more recent heater designs which have proved 
successful in meeting the particular requirements for which they 


were designed are shown herewith. Fig. 1 shows a simple 
helical-coil radiant-section furnace which was developed primarily 
as a low-cost low-efficiency furnace for small duties, preferably not 
over 10,000,000 Btu per hr. Since a tube cleaner cannot be used 
on this furnace, its applications should be limited to services in 
which no coke or scale deposits are expected. However, this 
type of furnace may also be used where coke is expected if the 
coke-burning-out procedure is used, By this method the coke 
deposits are removed by passing air and steam through the coil 
while firing it sufficiently to start and maintain combustion of the 
coke. Enough steam is used to keep the combustion temperature 
under control. 

Fig. 2 shows an A-frame furnace which has been found to be a 
very satisfactory type for a large range of services. Developed 
originally as a simple heating furnace for duties ranging from 
10,000,000 to 30,000,000 Btu per hr, it has since been found suita- 
ble for duties as high as 100,000,000 Btu per hr. By routing the 
oil flow through it properly, this type may also be used as a crack- 
ing furnace. Its greatest advantages are (a) lower cost per mil- 


'M. W. Kellogg Company. Mem. A.S.M.E. 

Cortributed by the Heat Transfer Division and presented at the 
Semi-Annual Meeting, Pittsburgh, Pa., June 19-22, 1944, of Tux 
AmeRICAN SocteTy oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those of 
the Society. 


Fic. 1 Heticat-Cor FuRNACcE 


CONVECTION SECTION 


Fie. 2 A-Frame Furnace 


lion Btu of duty due largely to its economical use of structural 
steel, and (b) the fact that two exactly symmetrical streams may 
be used in parallel. 


Fig. 3 shows a rectangular vertical-tube-type furnace which 
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Fig. 5 Tripie-Rapiant FurRNACE 


offers about the only solution possible when a great number of 
equal streams of oil are to be heated equally. This type of fur- 
nace may be used for practically any service but its higher cost 
normally limits it to use under the conditions stated. By the 
use of the proper burners suitably arranged in the roof of the fur- 
nace, the heat absorption of each tube will be substantially the 
same as that of any other so that all the tubes may be connected 
in parallel. 

Fig. 4 shows a convection-type furnace. This furnace has a 
rather limited field of uscfulness. It is particularly suitable only 
when a large soaking volume at a rather low heat-transfer rate is 
required. Such a requirement is usually met in gas-pyrolysis or 
polymerization work. For other services where higher over-all 


average rates are required or desired, the furnace will not be 
satisfactory since the rate of heat transfer in the convection sec- 
tion is low owing to the low flue-gas velocity through it. 

In a paper by Rickerman, Lobo, and Baker (1),? several ar- 
rangements of the conventional type furnace are shown, both in 
the single-radiant-section type and the double-radiant-section 
type. This furnace had been widely used because of its flexibility 
in variation of size and shape. However, the overhead-convec- 
tion-section type of furnace, an example of which is shown in Fig. 
5 of reference (1), has essentially all the features of the conven- 
tional type but it is usually less costly. In the overhead-con- 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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vection-section-type furnace the stack may be mounted on the 
furnace itself thereby eliminating expensive duct work and 


additional foundations. As a result of eliminating duct work 
the size of the effective portion of the stack itself may also be 
considerably reduced. This type of furnace may be built as a 
single- or multiple-radiant-section type, with or without bridge- 
walls and may be fired from the walls or from the floor. A triple- 
radiant-section type, fired from the floor, is shown in Fig. 5 
herewith. Here the furnace shows a considerable reduction in 
first cost over the end-fired type, since, with the use of the floor for 
burner space, a large number of small burners may be installed 
with the result that considerably less clearance may safely be 
used between burners and tubes. 


Duty or Heat ABSORPTION 


For the simple heater in which no reaction is to take place, the 
specified conditions such as throughput, gravity, temperatures, 
pressures, and phase conditions will determine the amount of 
heat to be absorbed by the oil in its passage through the furnace, 
or more briefly, the furnace “duty.”” This duty will consist of the 
sensible heat plus the heat of vaporization, if any, and may be 
obtained by use of specific-heat and latent-heat curves, or more 
conveniently, by means of enthalpy, or total-heat curves. 

In the case of the cracking heater, the heat of chemical reac- 
tion must also be taken into account and added to the sum of the 
sensible- and latent-heat duties mentioned. Sometimes it may 
be found that the heat of reaction is exothermic rather than endo- 
thermic, in which event it must of course be subtracted from the 
other heat duty. 

Some laboratory work has been done in an effort to determine 
the heat of reaction for at least a few typical cracking operations, 
but the number of variables involved has made it very difficult to 
obtain a satisfactory correlation. Some approximate correla- 
tions have been made based on data obtained from furnace 
tests and these correlations have been used for such heaters as 
visbreakers, gas-oil crackers, naphtha reformers, and thermal- 
polymerization furnaces. Where the character or analysis of the 
furnace charge and products is accurately known the heat of 
reaction may be calculated as the difference in the heat of com- 
bustion or the heat of formation of the charge and products. 
However, by this method the heat of reaction is determined as a 
relatively small difference between two very large total quanti- 
ties so the stipulation that the analyses be accurately known is an 
important one. 


EFFICIENCY OF FURNACE 


Having calculated the furnace duty, the over-all requirements 
of the oil side of the furnace, or, as it may be considered, the 
high-temperature-level heat exchanger, are known. The fluid 
on the other side of the exchanger will consist of flue gas from the 
combustion of fuel. The flue gas will be available at combustion 
conditions and may give up its heat to the oil side until its tem- 
perature approaches that of the oil to which it is transferring its 
heat as it leaves the furnace. Therefore, the temperaturesof the 
oil in the last pass of the furnace and the closeness of approach of 
flue gas to oil temperature will practically set the efficiency of the 
furnace unless other heat-recovery equipment is used. Normally 
the oil charge will be brought into the furnace at the point where 
the flue gas is leaving so that with the inlet-oil temperature 
known and the nearest economical temperature approach fixed, 
the temperature of the flue gas leaving the furnace may be fixed. 

The temperature approach, or difference, will obviously be set 
by considerations of economy and whether other heat-recovery 
equipment such as an air preheater, or waste-heat boiler, is to 
be used. When no external heat-recovery equipment is to be 
used it has been found that 200 F is about the nearest economi- 
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cal temperature approach. With low-cost fuel and low oil-inlet 
temperatures this difference may be as great as 600 to 800 deg F. 
In general, however, most oil heaters are designed for exit flue- 
gas temperatures between 700 F and 1100 F, with the majority 
between 900 F and 1000 F. 

The determination of three other factors will completely fix 
the furnace efficiency, namely, the character of the fuel to be 
fired in the furnace, the percentage of excess air with which it 
will be burned, and the radiation loss. In a natural-draft fur- 
nace it is possible to burn completely almost any oil or gas 
fired with 40 per cent excess air, and with care in the design 
and operation of the furnace even lower percentages may be ob- 
tained. 

Once the efficiency of the furnace has been determined as out- 
lined, the heat to be liberated in the furnace, i.e., the fuel to be 
fired, and the quantity and analysis of the flue gas produced may 
be calculated. Both sides of the high-temperature-level heat- 
exchanger are then known and the procedure is to determine the 
heating surface, its arrangement, and the physical dimensions of 
the furnace. 


DETERMINING THE TUBE SIZES 


The first dimensions to be decided are those of the tubes. The 
inside diameter of the tubes will be determined by the allowa- 
ble or economical pressure drop which may be taken in the coil. 
In some cases the effective pressure in the cracking coil may 
have considerable effect on the amount or nature of the thermal 
decomposition taking place so that a maximum pressure drop 
may thus be determined. In general, however, economic con- 
siderations such as pump cost and horsepower requirements will 
set the value of the permissible pressure drop. 

Of course, until the furnace is finally designed it is not possible 
to calculate the pressure drop which will obtain with a given tube 
size, since among other things the number of tubes will not be 
known. However, a preliminary estimate of the number of 
tubes required may be made and then an approximation may be 
made of the pressure drop. This process may be repeated until a 
suitable internal diameter of tube is determined. It should also be 
remembered that the oil may if desired flow through several 
tubes in parallel. 

With experience the designer usually will be able to choose an 
internal tube diameter without making these preliminary pres- 
sure-drop estimates. A criterion which may be used as a guide 
is the oil velocity through the tube, either in terms of “cold-oil 
velocity,” that is, linear velocity of the oil in feet per second, 
using the density of the oil as liquid at 60 F, or in terms of mass 
velocity. The cold-oil velocity in most oil heaters will range 
from about 2 to 10 fps. For vacuum pipestills the cold-oil veloc- 
ity may be even lower, some having been designed for about 
0.5 fps. For crude heaters and visbreakers the velocity normally 
ranges from 2 to 5 fps, for gas-oil crackers, naphtha reformers, 
and polymerization furnaces from 5 to 8 fps, for delayed-coking 
furnaces, about 7 fps, and for furnaces heating material all in the 
liquid phase, from 7 to 10 fps. Higher or lower velocities may ° 
also be used at an increase in the resulting pressure drop on the 
one hand and with a poorer inside oil-film heat-transfer coef- 
ficient on the other hand. Mass velocities may vary from 100 to 
500 lb per sec per sq ft of cross-sectional tube area. 

The foregoing discussion is predicated upon the assumption 
that the highest possible velocity compatible with the allowa- 
ble pressure drop should be used, since the higher the velocity 
in the tube the better the inside-film coefficient of heat transfer. 
This means that for a given maximum allowable tube-metal tem- 
perature or for a given maximum allowable oil-film temperature, 
a higher over-all heat-transfer rate may be used. The upper 
limit of tube-metal temperature may be set by the tube materials 
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to be used, or the limit of oil-film temperature may be set so as 
to avoid coking of the oil film or discoloration of the oil caused by 
overheating of the film. 

Having set the approximate internal diameter of the tubes, 
an external diameter may be chosen to give a tube thickness ap- 
propriate for the pressures and temperatures which will obtain 
in the tubes. 

The length of tube to be used will depend largely on the type 
of furnace. In general, it has been found that for a given type of 
furnace it is most economical to use the longest tubes commer- 
cially available while at the same time covering the walls and arch 
of the combustion chamber with tubes. At least two of the di- 
mensions of the combustion chamber, or radiant section, will be 
determined by the number and size of burners required, so that 
either the number or length of tubes may be set. If the number 
of tubes is thus fixed by the box dimensions the length must be 
calculated from the required heating surface. Alternately, if 
the length of the tubes is fixed, the number of them must be ob- 
tained from the surface. Actually, it is usually necessary to 
make trial-and-error calculations in order to obtain a well-bal- 
anced economical furnace design from the standpoint of the 
number and length of tubes. 

Another point which should be kept in mind is that more 
intermediate tube supports are required for long tubes than for 
short, so that the tube length should, if possible, be chosen to take 
the greatest advantage of the intermediate tube supports which 
are necessary. Furthermore, it should be remembered that the 
pressure drop per square foot of heating surface will be less with 
long tubes since fewer return bends are required. 

Normally the tubes chosen will have outside diameters varying 
from 2 to 6 in. by '/,-in. increments between 2 and 3 in., and by 
1/,-in. increments between 3 and 6 in. Occasionally smaller 
tube sizes, iron-pipe-size seamless tubing, or 8-in-OD tubing are 
used. Tube thicknesses vary from about !/, to 1 in., the lower 
limit being set by a nominal corrosion rate, while the upper limit 
is set by the difficulty of rolling heavier walled tubes into 
return headers. Over-all tube lengths vary from about 20 ft to 
40 ft by 2-ft increments. Shorter lengths may in some instances 
be used although ordinarily they are uneconomical owing to the 
increased number of return bends required per square foot of 
heating surface. Tubes longer than 40 ft may be used if obtaina- 
ble, or if not obtainable in one piece, two pieces may be butt- 
welded to make the greater length. Maximum lengths of single- 
piece tubes will depend on the physical capacity of the tube 
mill to handle the length, or on the size of the steel billet from 
which the tube is drawn. A practical limit of tube length may be 
set by the difficulty of cleaning. 


CALCULATING THE RADIANT SECTION 


The next step in the design of the heater is to calculate the 
radiant section or sections. The heat-transfer surface required 
in each radiant section will depend largely on the heat-transfer 
rate which is desired in the section. In addition, the percentage 
‘of excess air with which the fuel is burned will have an effect. 
In the Wilson, Lobo, and Hottel (2) empirical radiant-heat- 
transfer equation for box-typt radiant sections these two items 
are the only variables. This equation has been rather widely 
used but it is empirical and has a number of limitations. Chief 
among these is the requirement that the radiant section be of the 
box type as well as within certain size limits. The box should not 
vary greatly from a ratio of side dimensions of about 1 to 4, 
that is, the longest side should not be more than about 4 times 
as great as the shortest side. Furthermore, the cube root of the 
internal volume of the radiant section should be within the range 
of 15 to 25 ft. The average outside tube-metal temperature 
should be in the range of 700 to 1100 F, while the temperature of 
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the flue gas leaving the radiant section should be in the range of 
about 1100 to 1600 F, but in no case should the average metal 
and exit-gas temperatures be closer than 400 F. In effect, 
these limitations set the range of radiant-heat-transfer rates be- 
tween about 4000 and 12,000 Btu per hr per sq ft. The excess 
air, character of fuel, and distribution of heating surface should 
also be within the range of the data obtained in the furnace tests 
used in the derivation of the equation. These data are presented 
in the original paper (2). 

In order to place the design of radiant sections on a sounder 
basis, a more rational radiant equation was developed by Hottel 
(3) and modified by Evans and Lobo (4). This equation, having 
a theoretical basis, should be suitable for use with any radiant 
section. In it account is taken of most of the variables which 
affect the heat-transfer rate. The equation is 


0.173 | ) | +7(T, —T,)...[1) 


H = heat absorbed by radiant surface, Btu per hr 
a = factor by which A,, must be reduced to obtain effective 
cold surface 
A., = area of a cold plane replacing the tubes, sq ft 
@ = over-all heat-exchange factor 
T, = temperature of flue gas leaving radiant section, deg F 
abs 
T, = temperature of heat-absorbing surface, deg F abs 


aA 


where 


As may be seen, Equation [1] is a modified form of the basic 
Stefan-Boltzmann equation, the modifications consisting of the 
definition of the effective heating surface a@A,,, the inclusion of a 
factor @ to take account of a number of variables, and the addi- 
tion of an arbitrary factor 7(7', — 7’) to account approximately 
for convection heat transfer in the radiant section. 

The effective heating surface has been defined by Hottel (5, 6) 
while the over-all exchange factor ¢ is defined by Evans and Lobo 
(4). 

In the nomenclature following Equation [1] 7, is defined as the 
temperature of the flue gas leaving the radiant section. This 
definition is true only if the radiant box and the arrangement of 
the burners in the box are such as to give fairly complete mixing 
of the flue gas so that the exit gas temperature is also practically 
the same as the mean gas temperature within the radiant section. 
For radiant sections in which the products of combustion move 
substantially in a straight line parallel to the heat-absorbing 
surface so that the flue gas has a definite temperature gradient 
from the initial combustion zone to the exit, it is not justifiable to 
use the exit temperature in the equation. In this case a mean ef- 
fective radiating temperature must be determined, or the radiant 
section may be divided into two or more sections and the exit- 
flue-gas temperature from each section used in the equation when 
calculating that section. Obviously, with the latter method the 
proper values of aA,,, ¢, and 7’,, corresponding to the section 
being galculated, should be used. Term 7’, may be taken as the 
average outside tube-wall temperature in the section under 
consideration. 

Another point which should be noted is that if any of the tubes 
in the convection section are exposed to direct radiation from the 
hot products of combustion in the radiant section, this exposed 
surface must be added to obtain the total effective radiant surface. 
The over-all heat-transfer rate to the exposed convection surface 
will then be the sum of this direct radiant rate and the convection 
rate to be calculated subsequently. 

Obviously, the solution of a heat balance using the radiant-sec- 
tion heat absorption, as just calculated, and an allowance for 
radiation losses should give an exit-flue-gas temperature which 
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agrees with the assumed radiant-section exit-flue-gas temperature. 

Heat-transfer rates commonly used in the radiant sections of 
oil-heating and cracking furnaces vary from about 5000 to 20,000 
Btu per hr per sq ft of exposed outside tube surface. Very low 
rates may be used in a furnace without a convection section in 
order that a reasonable furnace efficiency will be obtained. In 
delayed-coking furnaces and vacuum pipe stills, rates between 
5000 and 10,000 are usual while for crude heaters, rates be- 
tween 10,000 and 12,000 are used. For gas-oil cracking furnaces, 
naphtha reformers, and polymerization furnaces, rates of from 
12,000 to 16,000 are common. Low-temperature reboilers may 
be designed for rates as high as 20,000 Btu per hr per sq ft. 
Actually even higher rates than those just outlined are often 
obtained in practice. 


CONVECTION-SECTION DESIGN 


With the radiant-section heat absorption calculated, the re- 
maining duty, that to be performed in the convection section, 
may be obtained by difference from the total, and the oil tem- 
peratures into and out of the various divisions of the convection 
section may be calculated. The heat balance on the flue-gas 
side for the radiant sections gives the temperature of the flue 
gas entering the convection section, and subsequent heat balances 
will give the necessary intermediate flue-gas temperatures. 

The length of the tubes in the convection section is usually 
made the same as those in the radiant section. The width of the 
convection bank is then set so as to obtain the best heat-transfer 
rate possible. On the other hand, the flue-gas velocity through 
the convection bank should not be too high or an excessive draft 
loss will result and the stack required will be uneconomically 
large. It has been found through considerable experience that a 


flue-gas mass velocity of about 0.5 lb per sec per sq ft of minimum- 


free area usually will be satisfactory. Mass velocities approach- 
ing 1.0 will require a stack of such size that the over-all furnace 
cost may be greater than if a lower velocity were used with the 
resulting increased heating surface. 

With the temperatures known on both sides of the flue-gas-to- 
oil “heat exchanger,” the flue-gas velocity known, and most of 
the dimensions of the section known, the heat-transfer rates may 
be calculated. Heat will be transferred by both radiation and 
convection, in parallel, from the flue gas to the outside surface 
of the tube and the heat thus transferred will then pass, in series, 
through the tube wall, any scale or coke deposit, and the inside 
oil film, to the oil. 

The radiant heat transfer consists of “direct” radiation from 
the hot flue gases and hot refractory walls of the radiant sec- 
tions, for the first two or three rows of the convection section, 
(if they are “exposed” to the heat from the radiant section) 
plus radiation from the hot flue gases passing through the tube 
bank, and from the hot adjacent refractory walls of the convec- 
tion section. 

The direct radiation to the first rows is included in the radiant- 
section calculation as previously discussed. The radiation from 
the hot refractory walls adjacent to the convection tubes may be 
calculated by an equation for the “wall effect,” as given by 
Monrad (7). The radiation from the hot flue gases passing 
through the bank may be calculated by the method of Haslam 
and Hottel (8, 9), using the radiation charts for carbon dioxide 
and water vapor. 

The convection-heat-transfer coefficients may be calculated 
by the use of Monrad’s equation (7), or by the method given by 
Pierson, et al (10,11, 12). It is believed that the latter method 
is the more accurate. In any event, it undoubtedly may be used 
with a greater degree of assurance in ranges beyond the range 
of the data upon which the former equation was based. The 
method which is fully described in the reference articles, con- 
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sists of a correlation between the Reynolds number and the 
Nusselt number. In the original article curves are given relating 
these two numbers, and by their use the convection coefficient 
may readily be obtained. 


Summary OF HEeat-TRANSFER-RATE CALCULATIONS IN CONVEC- 
TION SECTION 


Summarizing the operations required in calculating the heat- 
transfer rate in the convection section, the following steps must 
be taken: 


1 Assume or by other means fix the total heat to be absorbed 
in the section under consideration. 

2 By heat balance, making suitable allowances for radiation 
losses, calculate the flue-gas and oil temperatures both into and 
out of the section. 

3 Calculate the logarithmic-mean temperature difference be- 
tween the flue gas and oil. 

4 Calculate the inside-oil-film coefficient in Btu per hour 
per square foot per deg F. Equations for this coefficient are 
given by Walker, Lewis, McAdams, and Gilliland (13), by Me- 
Adams (14), and others. 

5 Assume an over-all heat-transfer rate for the section. 

6 Calculate the average outside tube-metal temperature by 
addding to the average oil temperature the temperature drop 
through the oil film, coke deposit’ (if any expected), and the metal 
wall of the tube. The latter temperature drop is often neglected 
since it normally is of small magnitude. 

7 Determine the amount of radiation in Btu per hour per 
square foot from the flue gas passing through the tube bank at its 
average temperature and composition, to the tube walls at 
their average temperature and surface emissivity by means of 
the radiation charts for carbon dioxide and water vapor. 

8 In order to convert it to a coefficient, divide the radiant 
rate determined under item 7 by the logarithmic-mean tempera- 
ture difference of item 3. 

9 Convert to a coefficient the direct radiation, if any (from 
the radiant section), by dividing it also by the mean tempera- 
ture difference. 

10 Calculate the coefficient of convection-heat-transfer rate as 
outlined previously. 

11 Add the three coefficients of items 8, 9, and 10 arithmeti- 
cally, since the total heat flow is the sum of these three compo- 
nents. 

12 Multiply the over-all outside gas coefficient by Monrad’s 
(7) wall-effect factor to take into account the quantity of radia- 
tion from the hot refractory adjacent to the tubes. This result 
will be the true over-all gas coefficient for the outside surface 
of the tube. 

13 Calculate the coefficient of heat transfer through the metal 
wall of the tubes and convert this to the basis of the outside 
surface by multiplying by the ratio of average to outside tube 
diameter. 

14 Calculate the coefficient of heat transfer through the ex- 
pected coke deposit, if any, and convert to the outside-surface 
basis by multiplying by the ratio of inside to outside tube diame- 
ter. 

15 Convert the inside-oil-film coefficient of heat transfer to 
the outside-surface basis by multiplying by the ratio of inside 
to outside tube diameter. 

16 Add the reciprocals of the previous four coefficients. The 
sum will be the reciprocal of the over-all coefficient. 

17 Multiply the over-all coefficient of item 16 by the mean 
temperature difference to obtain the average heat-transfer rate 
on the outside tube surface. This rate should check the assumed 
rate rather closely. 
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18 Obtain the heating surface required by dividing the as- 
sumed oii duty for the section by the calculated rate. 


Items 13 and 14 of the summary are usually neglected but 
under certain conditions it may be advisable to include them. 


SECTIONS 


In the discussion thus far only heating surface has been con- 
sidered and in many of the furnaces to be designed, heating sur- 
face is all that is required. In cracking, pyrolysis, polymeriza- 
tion, and some other furnaces, however, some of the tubes will 
perform a double service. They will absorb heat as well as 
maintain the oil at approximately a constant temperature or 
within a definite temperature range for the time required to 
complete the reaction. These tubes will be in the last part of the 
coil and this part of the coil is ordinarily termed the “soak- 
ing” section or “soaker.” 

Since over a given temperature range, or at a constant tem- 
perature, a definite amount of heat will be required for a definite 
degree of conversion, it will be necessary to design the furnace 
so that this heat will be absorbed by the number of tubes re- 
quired to hold the oil at temperature for the required time. In 
other words, the number of tubes in the soaking section is fixed 
by the soaking time required and at the same time the duty of 
the soaking section is fixed by the heat of reaction required, 
hence the heat-transfer rate in that section is fixed and the 
surface must be placed in the furnace so that it receives heat at 
that rate. 

However, a considerable degree of control may in most cases 
be exercised by the designer over the conditions for which the 
soaking section is designed. For example, if the heat-transfer 
rate, necessitated by the desired temperature range, is too high 
for a consideration of the possibility of coking or for other rea- 
sons, it may be feasible to increase the working-temperature 
range of the soaker section while maintaining the transfer-line 
temperature constant. This will increase the heat duty to the 
section but it will increase the time or volume required for crack- 
ing to an even greater extent so that the over-all heat-transfer 
rate in the soaker will decrease. The number of tubes needed 
will obviously increase considerably. On the other hand, of 
course, if the heat-transfer rate is too low the temperature rise 
may be decreased. Other means of control of the design are by 
changing the outlet temperature of the coil, providing this is 
possible from a standpoint of economical tube materials and the 
heat requirements of the fractionating system; or within limits, 
by changing the effective pressure in the soaking section. This 
change may be effected in some cases by raising or lowering the 
coil outlet pressure or by changing the flow through the section 
in order to change the pressure drop. Obviously, all the inter- 
related effects of any of these changes must be investigated in 
order to be sure that in improving one condition, a worse one 
does not arise at another point. 


OTHER CONSIDERATIONS 


Burners. In designing the radiant section or combustion 
chamber, space must, of course, be left available for the re- 
quired number of burners in the walls or floor. This space should 
be large enough and the burners so located within the space 
that they are not too close to tube surfaces, otherwise there will 
be danger of direct flame impingement on those surfaces. In the 
case of forced-circulation water heaters, flame impingement 
can often be tolerated but in most oil heaters it must be strictly 
avoided. 

Pressure Drop. In order to determine the differential pressure 
required of the furnace-charge pump, the thickness and mate- 
rial of the furnace tubes, and in the case of cracking furnaces, 
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the amount of soaking time or volume required, it is necessary 
to calculate the pressure drop through the furnace coil. 

The well-known Fanning equation may be used to calculate 
the pressure drop. This equation in a convenient form is as 
follows 


AP _ 0.005185 Xf X G Xv 
AL 


pressure drop per equivalent foot of tubing, psi 
dimensionless friction factor, a function of Rey- 
nolds number 

mass velocity of fluid flowing, lb per sec per sq ft 
specific volume of fluid flowing, cu ft per lb 

inside diameter of tube, in. 


Equation [2] makes no allowance for the pressure drop re- 
sulting from a change in the kinetic energy of the fluid. In those 
cases where a large fraction of the material is vaporized at low 
pressure (both conditions resulting in a high rate of change of 
specific volume and therefore of velocity), this pressure loss’ 
may be of importance. In order to include this loss the pres- 
sure-drop equation has been modified to the following form 


AL D 


where 
P = fluid pressure, psia 
Other nomenclature as in Equation [2] 


The calculation of the pressure drop through the coil consists of 
a series of trial-and-error steps. If the coil-outlet pressure is 
fixed, which is usually the case, the pressure drop per foot at the 
outlet may be calculated directly. With this figure as a guide 
an estimate may be made of the pressure drop for a given equiva- 
lent length of tubing, working toward the inlet of the coil and 
thus an estimated pressure may be obtained for this new point, 
AL feet from the outlet of the coil. Using the estimated pressure, 
anew AP/AL should be calculated for this point. The logarith- 
mic mean of the first and second AP/AL values may then be 
mu!tiplied by the equivalent length between the two points to 
obtain the calculated pressure drop between the points. This 
calculated value should check the estimated value rather closely. 
In this stepwise fashion the pressure drop may be calculated 
through the coil. 

Tube Calculations. Once the temperature and pressure gradi- 
ents through the coil are known the tube thickness and the tube 
material may be calculated. Bailey’s (15) creep-stress method 
for calculating tubes is probably the most commonly accepted 
method at present. In this method the maximum shear stresses 
in the tube are calculated and compared with allowable shear 
stresses which will produce a given maximum rate of creep of the 
tube material. 

Flue-Gas Ducts and Stack. After the heater itself has been de- 
signed as outlined the flue-gas disposal system must be consid- 
ered. The simplest is a natural-draft system consisting merely 
of flue-gas ducts and a stack. Natural draft is used to a much 
greater extent than forced or induced draft in the petroleum 
industry. A discussion of the several systems is given by Ricker- 
man, Lobo, and Baker (1). 

The purpose of the stack and duct work is two fold; (a) to draw 
the required amount of combustion air through the burners, and 
(b) to dispose of the flue gases into the atmosphere so that they 
are not objectionable. The draft required at the burner throat 
to insure drawing the proper amount of combustion air through 
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the burner will depend on the design of the burner itself. 
However, for those burners designed for natural-draft operation 
a draft of from 0.10 to 0.20 in. of water will usually be sufficient. 
Normally, the draft needed at the burners will be used as a starting 
point in calculating the total draft or stack height required. 
Another important point which should not be overlooked is 
that a slight draft should exist throughout the furnace setting for 
most satisfactory operation. 
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-Discussion 


K. W. Fietscuer.? It is felt that Mr. Rickerman’s paper is a 
timely and outstanding contribution to all who wish to design 
tube stills from a more theoretical standpoint. The author 
should be commended, not only for consolidating so much prac- 
tical formulation and experience into one treatise, but also for a 
very sound and workmanlike pattern of approach to a notori- 
ously complicated class of furnace-design problems. Mr. Rick- 
erman’s work will no doubt benefit many in the oil-refining indus- 
try; and, conceivably, could materially help equipment de- 
signers throughout the fast-growing field of “liquid heat-treat- 
ment,” as involved in rayon, synthetic rubber, food, and all 
manner of chemical process industries. 

However, in connection with techniques of firing radiant sec- 
Hons of tube stills, the author does not refer to one new point of 
view which promises radical influence on tube-still design. 


: Manager, Liquid Heat-Treating Division, Selas Corporation of 
America, Philadelphia, Pa. 
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Mr. Rickerman observes that “burners should not be too close 
to tube surfaces, otherwise there will be danger of direct flame 
impingement on those surfaces.” He also describes long-standing 
problems the designer has faced in providing for: large combus- 
tion chambers; special tube-burner space relationships; and an 
average requirement of “40 per cent excess air to burn completely 
most oils or gases’’—all in order to avoid nonuniformities of heat- 
ing and hot spots on the coils. 

Ceramic-cup gas burners are now appearing on the scene which 
(a) contain the combustion reaction wholly within the cup con- 
cavity, (b) may be closely faced (within 10 to 24 in.) of tubes or 
vork without flame impingement or hot spots, and (c) may be 
distributed in any number and in any desired pattern over any 
furnace wall or roof surface—so that the heat transfer to any por- 
tion (however small or large) of a tube-still coil may be independently 
manipulated to establish any desired shape of the time-temperature 
heating curve of the oil. In a 50,000,000-Btu heater as many as 
200 burners of this type can be distributed over two walls 
40 X 20 ft each—each wall only 1 ft 9 in. from the coil it faces. 

It is also possible through this firing method to utilize com- 
pletely premixed gas-air fuel supplies at any burner pressure from 
a few ounces to 2 or 3 psi gage. With the normal inspirator-type 
burner, using gas at the orifice (or spud) at a pressure in the 
neighborhood of 10 to 15 psi gage as well as an even considerable 
stack draft, actual pressure drop across the combustion ports 
could not exceed a few ounces at the most. Thus firing with 
premixed fuel, at burner pressures measured in pounds, gives 
greater turndown range, i.e., more individual-burner heat output 
adjustability than heretofore feasible. Also, it seems that with 
the multiple-ceramic-concavity firing method, it is no longer 
necessary to provide for more than 5 or 10 per cent excess air 
if, indeed, any at all ultimately proves to be necessary. Thus 
the calculations described by Mr. Rickerman will yield different 
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heat-transfer results than have been average industry experience 
to date. Also stacks will become unnecessary. 

It is also important to realize that in thermal cracking or other 
operations in which long soaking times (at given temperatures 
with carefully balanced small heat inputs) are desired, it is only 
necessary to throttle the cup burners directed at this coil section— 
possibly eliminating all necessity for separating soaking chambers 
from other sections. 

Fig. 1 illustrates the considerable simplifications and size re- 
ductions of tube-still structures possible with the type of firing 
described. 


AvuTHOR’s CLOSURE 


In general, Mr. Fleischer’s comments on the advantages of 
short-flame burners are valid, although at the same time it must 
be pointed out that the methods of calculating or designing the 
furnace do not change at all when such burners are used. The 
factors or values used in the design equations do change of course, 
since the equations do take into account all or most of the vari- 
ables affecting the design. 

As to clearances required to avoid flame impingement, ob- 
viously they will depend on the expected flame length of the burn- 
ers used, and experience with the burners under consideration is 
the best guide to the designer. Nevertheless, it is quite true that 
by using certain types of burners, such as the ceramic-cup type, 
or by using a great number of small burners, the flame length is 
decreased and clearances may accordingly be reduced. The de- 
signer must bear in mind the change in over-all furnace cost which 
may result, on the one hand with a large combustion chamber 
and a low-cost burner installation, and on the other hand with a 
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smaller combustion chamber and a high-cost burner installation. 
He must also keep in mind the auxiliary equipment (such as air 
blowers) required for some of the special types of burners, and 
the operating and maintenance cost of both the burners and 
auxiliary equipment. 

Better control of the heating gradient can undoubtedly be ob- 
tained by using a large number of small short-flame burners in a 
small combustion chamber; however, that better control may 
also entail much closer operational attention in order that the 
heating gradient may be maintained as desired. 

“Turndown ratio” for burners used in the petroleum industry 
is usually of lesser importance than for burners used in some 
other industries, except as it enables control of the heating 
gradient. 

The excess air required to burn the fuel is of importance in that 
it affects the “radiant-section efficiency” or ratio of radiant-sec- 
tion duty to heat liberated and of greater importance, the over-all 
furnace efficiency. The ceramic-cup burner undoubtedly will 
operate satisfactorily at lower percentages of excess air than the 
types of burners commonly used in the petroleum industry. 

Mr. Fleischer suggests the elimination of the stack with the 
furnace which he illustrates. Normally the stack may not be 
dispensed with because of the second requirement of a stack— 
that it “dispose of the flue gases into the atmosphere so that they 
will not. be objectionable.” 

Mr. Fleischer’s furnace using the ceramic-cup burners is very 
interesting and it is felt that this type burner will be used more 
widely in the future in furnaces of the type shown, or in other 
arrangements which take advantage of the desirable features of 
these burners. 
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Cavitation in Centrifugal Pumps 


By A. J. STEPANOFF,! PHILLIPSBURG, N. J. 
e 


With the introduction of high-head centrifugal pumps of 
high specific speed, the problem of cavitation became 
of the utmost importance. As a result, extensive study 
and experimental work have been done in this field, mostly 
in connection with hydraulic turbines and with devices 
without moving parts. In this paper the present state of 
information on cavitation is presented as it applies to 
centrifugal pumps, with a method for determining cavita- 
tion conditions from velocity considerations. The dis- 
cussion is illustrated by curves and diagrams. The model 
test laws as applied to cavitation are deduced, together 
with their limitations. Theoretical relationships govern- 
ing cavitation conditions permit establishing means to 
avoid cavitation, which have been confirmed by experi- 
ence. A summary of all important conclusions from the 
recent extensive literature on the subject is presented, and 
in conclusion, an original explanation is offered of the na- 
ture of local high destructive pressures during cavitation 
and in cases of metal failure by fatigue in the presence of 
liquids. 


INTRODUCTION 


sign and operation has been given so much attention in the 

technical literature as cavitation. The reason for this 
has been the use of higher specific speeds, both for hydraulic 
turbines and centrifugal pumps, with the increased danger of 
cavitation. To cope with the problem, experimental and theo- 
retical studies of cavitation have been made on hydraulic tur- 
bines, centrifugal pumps, and apparatus without moving parts 
such as Venturi-shaped water conduits. As aresult of the study 
and accumulated experience, modern pumps operating at higher 
speeds are now safer against cavitation damage than in the 
recent past. In this paper, an attempt is made to present a 
summary of the acquired knowledge on cavitation as it applies to 
centrifugal pumps. 


[° the last decade no other phase of hydraulic-machinery de- 


DEFINITION OF CAVITATION 


The term ‘cavitation’ refers to conditions within the pump, 
where, due to a local pressure drop, water-vapor-filled ‘‘cavities”’ 
are formed, which collapse as soon as such vapor bubbles reach 
regions of higher pressure on their way through the pump. In 
order to form such vapor cavities, the pressure first has to drop 
to the vapor pressure corresponding to the prevailing water tem- 
perature. The liberation of air or the formation of air- or gas- 
filled cavities, however, is not sufficient to produce cavitation, 
as the effect of air bubbles on the performance and behavior of 
the pump is different. 

Cavitation should be distinguished from ‘‘separation,’’ which 
is a separation of the streamlines from the low-pressure side of 
the vane and the formation of a turbulent wake behind the vane. 
Separation is possible only with real viscous fluids, while 
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cavitation is possible with hypothetic perfect liquids too. Ex- 
perimentally, separation has been found to be able to exist 
without cavitation, and cavitation without separation. Al- 
though centrifugal fans work on the same principle as centrifugal 
pumps, the former can have separation while the latter can have 
both separation and cavitation. Cavitation can appear along 
stationary parts of a hydraulic machine or along a moving vane, 
as in the case of centrifugal-pump impellers. 

The reduction of the absolute pressure to that of vapor ten- 
sion may be either general for the whole system or just local which 
may be realized without a change of the average pressure. The 
general pressure drop may be produced by (a) an increase in the 
static lift of the centrifugal pump; (b) a decrease of the atmos- 
pheric pressure with a rise in the altitude; (c) a decrease of the 
absolute pressure on the system, as in the case of pumping from 
vessels under vacuum; or (d) an increase of the temperature of 
the pumping liquid, which has the same effect as the decrease of 
absolute pressure of the system. 

The local decrease of pressure is caused by one of the follow- 
ing dynamic means: (a) An increase of velocity by speeding up 
the pump; (6) a result of separation and contraction (viscosity) : 
and (c) a deviation of streamlines from their normal trajectory, 
such as takes place in a turn. 

Cavitation may also be caused by a sudden starting, and stop- 
ping, and recoil of the water column, such as occur during water- 
hammer phenomena. This type of cavitation is of a transient 
character and is of slight importance in centrifugal-pump prac- 
tice. 


Signs or CAVITATION 


Cavitation is manifested by one or several of the following 
signs, all of which adversely affect the pump performance and 
may damage pump parts in severe cases: 

(a) Noise and Vibration. This is caused by the sudden col- 
lapse of vapor bubbles as soon as they reach the high-pressure 
zones within the pump; the bigger the pump, the bigger the 
noise and vibration. While these signs of cavitation may appear 
in the normal operating range of the pump only if the suction 
head is not sufficient to suppress cavitation, noise and accom- 
panying vibration are present in all pumps to a varying degree 
when operated at points far removed from the best-efficiency 
point due to a bad angle of attack at entrance to the impeller. 
By admitting small amounts of air into the pump suction, 
noise can be almost completely eliminated. In this way the air 
serves as a cushion when the vapor bubbles collapse. This 
method, however, is not often resorted to for elimination of 
noises in centrifugal pumps, although it is an established pro- 
cedure with water turbines and large butterfly valves where air is 
admitted automatically at partial loads (1, 2, 29).2 The bene- 
ficial effect of air admission to the pump suction under cavita- 
tion conditions is not limited to the elimination of noise and me- 
chanical vibration, for the impeller-vane pitting is also reduced 
if not entirely eliminated, as this is caused by the mechanical 
shock accompanying the collapse of the vapor bubbles. 

(b) Drop in Head-Capacity and Efficiency Curves. This ap- 
pears to a different degree with pumps of different specific 
speed. .With low-specific-speed pumps (up to 1500), the head- 
capacity, the efficiency, and the bhp curves drop off suddenly 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Fic. 1 (Top) Cavitation Cut IMPELLERS 
(Four-stage pump, 3550 rpm.) 


Fig. 2 (Bottom) CaviTaTION AT DIFFERENT SPEEDS 
(Three-inch single-suction pump.) 


when cavitation is reached, Figs. 1 and 2. With higher-specific- 
speed pumps (1500-5000), however, the head-capacity and the 
efficiency curves begin to drop along the whole range gradually 
before the point of sudden breakoff is reached, Fig. 3. The 
degree of drop in the head-capacity and efficiency curves de- 
pends on the specific speed and on the suction pressure, in- 
creasing for higher specific speed and lower suction pressure. 

With high-specific-speed pumps (above 6000) of the propeller 
type, there is no definite breakoff point on the curves, Fig. 5; 
instead, there is a gradual drop in the head-capacity and the 
efficiency curves along the whole range. In these types of pumps, 
the drop in the efficiency appears before there is a perceptible 
drop in the head-capacity curve. Therefore a drop in the ef- 
ficiency is a more reliable criterion of approaching cavitation condi- 
tions. Even the objectionable noise may not appear until 
cavitation has progressed beyond the point where the efficiency 
becomes unsuited commercially. 

Variations in the behavior of pumps of different specific speeds 
result from differences in impeller design. Low-specific-speed 
impeller vanes form a definite channel, the length of which 
depends on the vane angles, the number of vanes, and the 
ratio of the impeller-eye diameter D, to the impeller outside 
diameter D., Fig. 7. When the pressure at the impeller eye 
reaches the vapor pressure, usually on the back side of the vane 
entrance tips, it extends rapidly across the entire width of the 
channel A-B, Fig. 7(a), with a small increase in capacity and de- 
crease in head. A further drop in the discharge pressure does not 
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Fie. 3(Top) Curves ror 12-In. Dous_e-Suction Pump; 1200 Rem 


Fic. 4 (Bottom) Cutorr Capacities AT SEVERAL SPEEDS 


produce any more flow, as the pressure differential moving water 
to the impeller eye cannot be increased any more. This differ- 
ential is fixed by the suction pressure outside of the pump, and the 
vapor pressure across the whole channel between apy two vanes 
at the impeller entrance. 

With high-specific-speed impellers, the channel between two 
vanes is wider and shorter, Fig. 7(b). It requires more drop in 
head and increase in capacity to extend the vapor-pressure zone 
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Fic. 5 Curves ror 6'/:IN. Propetter Pump; 2250 Rem 
(Tenot, bibliography reference 19.) 
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across the entire channel. Therefore the drop in the head- 
capacity curve extends through a wider range before the sudden 
breakoff occurs. With propeller pumps, the vanes do not 
overlap, Fig. 7(c). Therefore although the low-pressure zone 
extends when the pump head is reduced, there are always parts 
of the channel which remain at pressures higher than the vapor 
pressure, and the flow through the impeller will steadily increase 
even though cavitation has definitely set in. 

With low- and medium-specific-speed pumps, a reduction in 
capacity, instead of an increase, is frequently observed at reduced 
discharge pressure under cavitational conditions, Fig. 13. This 
is caused by a further increase of the low-pressure zone along the 
impeller channel, and the expansion of air in the vacuous pockets. 

In multistage pumps, cavitation affects only the first stage; 
therefore the drop in head capacity and efficiency is less pro- 
nounced than in a single-stage pump. The cutoff capacity is 
determined by the first stage. 

The drop in the head-capacity and the efficiency curves may 
begin before the vapor pressure is reached in certain parts of the 
impeller suction. This is caused by the liberation of air or light 


-in the bhp also. 
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fractions in petroleum oils at reduced pressures in the impeller 
eye. The absolute pressure in the vacuous pockets is the sum of 
all the partial pressures of the gases occupying this space, in 
accordance with Dalton’s law of partial pressures. 

The drop in the head-capacity and the efficiency curves, due 
to liberation of free air in the water, is followed by a reduction 
This method has been suggested (3) as a means 
to reduce the head and at the same time save power. instead 
of throttling the pump discharge, as is done ordinarily. Fig. 10 
is a reproduction of test results by Siebrecht, showing the head- 
capacity, efficiency, and bhp curves of a pump with different 
volumes of air admitted to the pump. The author does not 
know of any case where this method was employed in actual in- 
stallations, but a modification of this method whereby the pump 
suction is throttled instead of the discharge to reduce the head, 
is frequently employed. 

At reduced suction pressures, air or gases begin to be liber- 
ated from the liquid, producing a lower head-capacity curve 
and lower bhp. However, this method is not recommended be- 
cause if suction-throttling is carried too far, cavitation will start 
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with all its bad effects, i.e., noise, pitting, and vibration. Fig. 
11 shows a test of a 5-in. pump with the suction and the discharge 
throttled. A comparison of the bhp curves, Fig. 11, shows the 
power saved by suction-throttling (4). 

On several occasions, it has been found by careful tests on 
centrifugal pumps and water turbines, that the efficiency may 
show a slight increase shortly before cavitation sets in, Fig. 13. 
This is explained by a reduction of friction at the beginning o! 
separation, just before the disturbing water-hammering begins 
(5, 9, 12, 22). 

(c) Impeller-Vane Pitting and Corrosion-Fatigue Failure of 
Metals. If a pump is operated under cavitating conditions 
for a sufficient length of time, impeller-vane pitting appears, 
the amount of metal lost depending on the material in the 
impeller and the degree of cavitation. Foettinger (5) showed 
conclusively that vane pitting is caused solely by the mechanica! 
(water-hammer) action of collapsing vapor bubbles, and that 
electrolytic and chemical action is entirely insignificant in this 
process. He proved this by producing cavitation in a Venturi 
made of neutral glass which was pitted in the same manner as 
the metal in a centrifugal-pump or water-turbine impeller 
vanes. If electrolytic or chemical reaction is active, it should 
affect all the parts of the same material and not only the spots 
subject to cavitational water hammer. 

The fact that air or gases may be more active at the instant of 
liberation has been stated in the past. However, the places 
affected by pitting are always beyond the low-pressure points 
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Fic. 11 (Top) Curves ror 5-In. SincLE-Stace Pump; 1150 Rem 
(Power saving by throttling suction; Van Leer, bibliography reference 4.) 


Fig. 12 (Bottom) Suction Lirr Versus VELOCITY 


Fig. 13 (Top) Curves ror 5-IN. Pump; 1770 Rem 


Fic. 14 (Bottom) Cavitation TEsts 
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where the vapor bubbles are formed. Another corroboration 
of the mechanical nature of the metal destruction has been 
shown by the damage of a lead plate without any loss of weight 
(6). 

By experience it has been found that, when the collapse of 
vapor bubbles takes place entirely surrounded by the stream of 
liquid, it is harmless (6). In addition to metal destruction due 
to the fatigue of the metal surface as a result of repeated water- 
hammer blows, Poulter (7) has shown that metal particles can be 
torn off and carried away by liquid penetrating into and escaping 
from the pores of the metal under successive pressure waves. 
In that case, more porous materials are most readily affected by 
such destruction. The degree of destruction depends on the 
time the specimen is under pressure or the time between two suc- 
cessive pressure waves. 

There seems to be no correlation between the hardness and 
cavitation erosion of metals, but apparently the molecular size 
and the viscosity of liquids play an important part in cavitation 
pitting. 

Cavitation pitting should, be distinguished from “corrosion” 
and “erosion.”” The first is caused exclusively by chemical and 
electrolytic action of the pumped liquids; the second is the 
wearing away of the metal parts in a pump by foreign bodies 
carried by the pumped liquids, such as sand, grit, coke, and coal. 
There is no difficulty in distinguishing between these three kinds 
of pitting by the appearance of the attacked parts and their loca- 
tion in the water passages of the pump. 

Frequencies of hammering were recorded from 600 to 1000 
cycles per sec by Hunsaker and up to 2500 cycles per sec by 
de Haller (8). The intensity of hammering depends on the 
velocity. Pressures of 300 atm were measured by de Haller. 
Local pressures confined to very: small areas (1.5 mm was the 


piston area of de Haller’s pressure-measuring device) may be con- 


siderably higher than those recorded. A satisfactory explana- 
tion of how such high pressures may arise in the case of cavitation 
has been lacking. 

In the light of Poulter’s investigation (7), it may appear pos- 
sible that high destructive pressures are derived from the elastic 
forces of metal parts extending over areas larger than those 
actually attacked by cavitation. These parts are under fluctuat- 
ing forces of great magnitude so great that often the whole 
foundation supporting the pump is set in vibration under cavita- 
tion conditions. Under fluctuating stresses, liquid is drawn in 


TABLE 1 


Metal 
Krupp steels, after 44 hr: 


Carbon steel, hardened......... 
HB 6597 annealed 
Special nitrided steel 

HB 6597 case-hardened......... 
HB 6607 hardened...........+- 
V2A forged 
WF 100 forged 


Bronzes, after 44 hr: 


Manganese bronze 

Aluminum bronze.. 

Corrix bronze. 


Bronzes, after 15 hr: 

Nickel bronze 

Aluminum bronze 

Manganese bronze 

Aluminum bronze 

DB 12 
DB 135 (Krupp) 

DB 10 
Rg 10 ( ‘rupp) 

Corrix bronze 

DB 16 (Krupp) 


NK 


IN CENTRIFUGAL PUMPS 


Approximate composition 


Cu, 86; Pb, 12; Sn, 4 
Cu, 88; Al,9.0; Fe, 3.0 
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and squeezed from the pores, and it is during this squeezing 
phase that tremendous pressures may be produced in small re- 
stricted areas. 

Similar mechanism can be applied as a partial explanation of 
what is known as “corrosion fatigue” of metals, or metal failure 
under repeated stresses in the presence of liquids. The “corro- 
sive” effect of water, as compared with oils in the case of ‘“cor- 
rosion fatigue,’’ is due to the fact that water molecules are smaller 
than those of oil; therefore water penetration of metals would 
be deeper than that of oil; hence the destructive effect on the 
metal is greater where it is subjected to rapidly fluctuating 
stresses. This will explain the failure by ‘corrosion fatigue” of 
noncorrosive high-chromium steels in the presence of water. 
Another illustration and proof that the penetration of metals by 
liquid plays an important part in metal destruction by “‘corro- 
sion fatigue” is furnished by results of laboratory tests by McKay 
and Worthington (30). They have found that the endurance 
limit depends not only on the stress level and the total num- 
ber of cycles, but also on the frequency of stress reversals. 
For the same total number of cycles, the low frequency gives 
much lower endurance limit because more time is allowed for 
liquid penetration of metal with, consequently, higher destruc- 
tive pressures developed in the metal pores when the liquid is 
compressed on the stress reversal. 


MATERIALS TO Resist CAVITATION PITTING 


Different materials resist cavitation pitting to a different 
degree. In addition to the chemical composition, the heat-treat- 
ment of metals and also the surface conditions control the 
amount of material destroyed by cavitation. The behavior of 
metals under cavitation parallels that under “corrosion-fatigue”’ 
conditions. Any notches, nicks, scratches, flaws, or sharp cor- 
ners on the surface of metals attacked by cavitation accelerate the 
beginning of pitting. Protective coats do not improve the 
resistance of metals to cavitation pitting. 

H. Schroeter (10) has run tests on different materials under 
cavitation in a Venturi-shaped conduit built for the purpose. 
Table 1 gives results of his tests. A velocity of 197 fps was 
maintained throughout these tests. The accelerated rate of 
metal destruction can be seen by comparing the amount of 
metal lost after 15 hr and 44 hr of the same materials. Fig. 15 
also shows some materials tested by Schroeter. 

Hardening decreases the rate of metal destruction, although 


LOSS OF METAL BY VOLUME, CU MM, BY CAVITATION ACTION (SCHROETER) 


Volume loss, 
cu mm 


Brinell Strength, 
hardness psi 


Ni, low; Cr, 11-15 
C,1.0-2.0 Ni, low; Cr, 24 
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Fie. 15 (Top) Loss or Metat Due To CavrraTIon 
(H. Schroeter, bibliography reference 10.) 


Fic. 16 (Bottom) Loss or Metat sy Jet Drop-Impact 
(de Haller, bibliography reference 8.) 


the hardness alone (for different materials) is not a determining 
factor in so far as resistance to cavitation is concerned. 

To prolong the life of runners of large Kaplan turbines work- 
ing under high heads, (over 50 ft), the turbine manufacturers 
protect with welded stainless steel the places subject to cavita- 
tion pitting (11). Propeller pumps of the same type are not 
built in sizes justifying such procedure, nor are they operated at 
such high heads. 

Although covering the surface of metals with rubber helps to 
resist the impact of water-hammering very well, its bond to the 
metal fails after a short time. No practical method of rubber 
protection of metals against cavitation has yet been developed. 
Tests with rubber again corroborate the mechanical nature of 
cavitation destruction of materials (10). 

Schroeter’s tests have definitely established the fact that the 
beginning of cavitation and its extent depends on the veloc- 
ity of the flow. This must be expected as all the destructive 
blows by water hammer derive their energy from the kinetic en- 
ergy of the flow. 

P. de Haller (8) has found that there is an analogy between the 
behavior of various metals during tests with direct drop-impact 
and cavitation. In both cases the metal destruction is caused by 
water-hammering. Although the mechanism of water blows 
against metals is different, their result is quite similar. In a 
special apparatus resembling a steam-turbine wheel, de Haller 
ran erosion tests on a number of materials, and his results, re- 
produced in Fig. 16, are in agreement with those by Schroeter. 
De Haller’s method of testing materials for cavitation resistance 
requires only a short time to produce cavitation pitting. 
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Kerr (31) has tested 80 materials for cavitation in sea water 
in a special vibratory apparatus developed by the Massachusetts 
Institute of Technology. These tests show that cavitation dam- 
age with sea water was.slightly greater than with fresh water. 
It has been found also that temperature of water has a marked ef- 
fect on the metal loss by cavitation, the loss increasing with 
temperature. At higher temperatures the amount of air dis- 
solved in water is reduced, thus reducing the cushioning effect of 
water-hammer blows, at the same time the increased vapor 
pressure tends to increase the vapor bubble formation. 

Mousson (32) has found that loss of metal by cavitation is 
approximately proportional to vapor pressure. He also demon- 
strated the beneficial effect of admission of small amounts of air 
on the metal damage by cavitation. Mousson and Kerr give 
extensive test data which is useful in selection of materials when 
cavitation is expected. 


EXAMPLES OF Mprau Arrack BY CAVITATION 


In pumps of normal design, the lowest pressure occurs on the 
back side of the impeller vane slightly beyond the suction edge. 
The cavitation pitting appears somewhat farther upstream 
where the vapor bubbles collapse, Figs. 8(a), 9(a), 9(b). How- 
ever, if the pump is operating continuously at a capacity con- 
siderably higher than normal, the pitting may appear on the 
front side of the vane at the suction-vane tips, Fig. 6(a). Cavi- 
tation in this case accompanies separation resulting from a bad 
angle of attack. 

Fig. 8(b) shows vane and shroud pitting near the outer shroud, 
due to lack of streamlining. 

Fig. 8(a) shows vane pitting at the impeller discharge caused 
by the vane’s blunt discharge tips. 

Fig. 8(c) shows a ‘‘marginal”’ cavitation observed on propeller 
pumps and also on centrifugal pumps with open impellers. Loca] 
high velocity through the clearance, and separation due to 4 
sudden change in direction produce the ‘‘marginal’’ cavitation 
and pitting. Rounding off of the high-pressure side corners of 
vanes eliminates the marginal pitting at the expense of increased 
leakage through the clearance (12). 

Fig. 9(a) shows pitting of the volute casing of a propeller pump 
caused by lack of streamlining. 

Fig. 9(6) shows a diffusion-casing vane pitting due to a dis- 
crepancy between angles of incoming flow and diffusion vane. 

Fig. 9(c) shows pitting of the tongue of a volute casing ob- 
served when a pump is operated continuously at capacities above 
the normal. 

Fig. 9(d) is an example of pitting of the baffle in the suction 
nozzle, permitting excessive prerotation of the flow before it 
enters the impeller eye. 

In general, sudden change in direction, a sudden increase 10 
area, and lack of streamlining are responsible for local pitting 
of pump parts. This may appear only if the suction pressure is 
reduced below a certain minimum. On the other hand, pitting 
of pump parts on the discharge side of the pump has been ob- 
served when the pump pressure is not high enough to suppress 
cavitation. 


THEORETICAL RELATIONSHIP AT CAVITATION CONDITIONS 


The flow to the impeller of a centrifugal pump is produced by 
the existing pressure difference between the suction pressure and 
the pressure established by the flow at the impeller eye. The 
latter is not uniform at any section of the impeller passages, and 
even determination of the average pressure inside the impeller 
presents difficulties. For that reason, the theoretical relation- 
ship for the flow through the impeller eye, while easy to estab- 
lish, does not give a reliable tool for an accurate predetermina 
tion of cavitation conditions. An examination of the theoretical 
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formulas for the flow through the impeller eye, however, enables 
one to learn the effect of several factors upon cavitation. A 
study of theoretical relationship has also resulted in the intro- 
duction of simplified formulas incorporating experimental co- 
efficients which permit prediction of & pump’s behavior as to 
cavitation if experimental data are available on similar pumps. 

Let H, be the absolute pressure prevailing at the suriace of 
the pump-suction supply ‘This will be atmospheric pressure 
if the suction vessel is open to the atmosphere. If the suction is 
taken from an enclosed vessel, 7, is the absolute pressure in this 
vessel, 
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h, = static head in suction vessel above pump center line. 
If it is suction lft, it is negative 
= vapor pressure at prevailing water temperature 
head loss in the suction pipe and impeller approach 
average absolute velocity through impeller eye (Fig. 6) 


VITATION COEFERIC/E 


TOTAL) HEAD 


local pressure drop below average at point of cavitation rTTTrrterry | TT 1 q 


VANES 


Here w; is average relative velocity at entrance, and X | |_| 
is an experimental coefficient 
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This local pressure drop is caused by the difference in pres- 
sure on the leading and trailing sides of the vane. When pres- 
sure is applied by the vane on water, the water exerts an equal 


pe 
Ar 


reaction in the opposite direction, which exists as a pressure dif- 
ference on the two faces of vanes. This is frequently referred to 
as a “dynamic depression.” 

Fig. 19 shows a typical pressure distribution inside an impeller 
channel obtained by Uchimaru (28) under actual operating condi- 
tions. 


Evidently cavitation starts when 
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When liquid in the suction vessel is boiling, the pressure in the 
vessel H, is equal to the vapor pressure or H, = h, and Equation 
{1 | becomes 


Fie. 17 (Top) Caviration Coerricrent 
(Krisam, bibliography reference 13 ) 
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Fic. 19 Pressure DistrisutTion INstpe ImpeELLER 
(Uchimaru, bibliography reference 28.) 
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meaning that a positive suction head h, is necessary to produce 
the flow. To prevent vaporization, an excess of suction head is 
necessary above h,. 

Equation [1] is not suitable for determining the maximum 
permissible suction lift for a given pump capacity (c; and w,), 
because the true value of maximum ¢ is not known, and alsc be- 
cause the value of \ varies for pumps of different specific speed 
Even for a given pump at constant speed, A varies with capacity, 
being a minimum near the best-efficiency point and increasing 
on both sides of this point. Fig. 17 shows a typical curve of A 
variation obtained by Fritz Krisam (13). Similar curves were 
published by von Widdern (14). The increase of \ on both sides 
of the best-efficiency point shows the effect of the ‘angle of at- 
tack”’ Fig. 6(a), between the direction of relative velocity and the 
vane angle at the impeller entrance. 


Factors AFFECTING CAVITATION 


A study of Equation [1] permits making a number of conclu- 
sions which hold in practice, for at cavitation conditions, a change 
in one term of the equation is always followed by a change in 
another to satisfy the relationship, thus: 

(a) If atmospheric pressure is decreased due to an increased 
elevation (about 1 ft per 1000 ft of elevation), the pump maximum 
capacity will decrease (c; and w, will decrease). 

(b) If suction lift is increased (—A greater), or vapor pres- 
sure rises due to higher temperature of water, pump maxi- 
mum capacity will decrease. 

(c) Higher suction lifts may be possible with low velocities 
(c, and w;) or with a minimum loss h, in the suction pipe. 

(d) Note that H, expressed in feet of liquid depends on the 
specific gravity of the liquid. Thus when pumping molten 
salt, (used as a heating medium in the petroleum-refinery proc- 
ess), of specific gravity of 1.75, and the suction vessel under at- 
mospheric pressure, H, = 19.4 ft. Therefore, the danger of 
cavitation is much greater with heavier liquids (15). Vapor 
pressure should not be overlooked with liquids different than 
water. 

(e) For given average velocities, c, and w,, the approach of 
cavitation is affected by the casing and impeller design as they 
affect the velocity distribution. Thus pump-suction design 
permitting more prerotation in the impeller eye will lower the 
maximum capacity for a fixed suction pressure. Any lack of 
streamlining in the suction passages of the pump and impellers 
results in the formation of dead water pockets (separation), 
increasing local velocities beyond the average or those obtained 
from the velocity triangle. 

({) With pumps of high specific speed of the straight-propeller 
type, the beginning of cavitation is indicated by a gradual drop of 
pump efficiency without any sudden drop in head capacity. In 
this case a further reduction in the suction pressure extends to 
the region affected by cavitation, and Equation [1] does not ap- 
ply, as the vapor pressure is reached locally only; the impeller 
vanes do not form an entirely enclosed channel, and Bernoulli’s 
equation (Equation [1]) cannot be used. 

(g) The presence of gases in the liquid does not affect the 
validity of Equation [1], except that, according to Dalton’s law 
of partial pressures, the vapor will behave as if it occupied the 
voids alone, and vaporization will begin at absolute pressure 
higher than its normal boiling point corresponding to the existing 
temperature. Petroleum oils represent the most complicated 
example of that. Being a mixture of different individual hy- 
drocarbons, each having its own vapor pressure, light fractions 
will vaporize at pressures far above their normal boiling points, 
but the vaporization will affect only a small portion of the total 
flowing volume. As a result, the drop in the Q-H curve is more 
gradual with oils than with water, and the mechanical disturb- 
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ance is not so violent. The fact that vaporization and condensa- 
tion during cavitation require a heat exchange, tends to slow 
down the bubble formation in oils, as compared with water on 
account of the lower heat conductivity of oil. 

(hk) When studying cavitation, the suction pressure should be 
specified or measured at the pump-suction nozzle. In this way 
the loss in the suction pipe and the entrance loss are eliminated. 
The loss in the suction nozzle is negligibly small due to a low 
velocity, short distance, and accelerated flow in a normal nozzle 
design. 


2 
(7) In small pumps of low specific speed, the term . is pre- 


dominant in setting up cavitation conditions, and the term \ 3 
g 


is of little significance. In high-specific-speed pumps, approach- 


w,?, 
ing propeller-pump type, the term \ ~ is the controlling factor, 
g 


29 
pump head (and hence speed) and number of impeller vanes, 
decreasing with smaller head or speed and greater number of 
vanes. 

With low-specific-speed pumps, the maximum capacity for a 
given suction head can be increased by cutting away part of the 
vanes in the impeller eye and filing the vane tips, thus increas- 
ing the available area for c,. With propeller pumps, increasing 
the number of vanes will improve the cavitation conditions of the 
pump, Fig. 18, for a given submergence, permitting higher head 
without noise or drop in efficiency. 

(j) With low-specific-speed pumps, the maximum absolute 
velocity c; may be reached either at the impeller eye (section 
A-B, Fig. 12), or at the vane entrance. The actual effective area 
of both sections is greatly affected by the impeller-approach de- 
sign. When studying the cavitation test data, both sections 
should be investigated. 


w,? 
is of secondary importance. Term \ = depends on _ the 
g 


PREDETERMINATION OF CAVITATION CONDITIONS FRoM VELOCITY 
CONSIDERATIONS 


From a great number of observations on pumps of low and 
medium specific speeds (up to 1500), the author has found that 
for cold water, 70 F, Equation [1] can be simplified to 


(cut) 


30 — h, = 2.4 
2g 


Where c- is the meridional velocity through the impeller eye 
at cutoff capacity (plane A-B, Fig. 12) at suction lift A, taken at 
the suction nozzle and referred to the pump-shaft center line 
The same relationship is represented by a curve in Fig. 12. 

A similar curve was plotted for meridional velocities at the 
vane entrance tips and is shown in Fig. 12, This curve can be 
expressed by an equation 


Fig. 12 also shows a curve given by Defeld in his book ou 
centrifugal pumps (16). Velocities shown by this curve have 
been greatly exceeded in modern pumps. 

Comparing Equations [2] and [3] with Equation [1], the fol: 
lowing remarks can be made: 

(a) The difference between the atmospheric pressure 1, = 34 
and 30 in Equations [2] and [3], or 4 ft, includes 0.85 ft vapor 
pressure at 70 F water temperature; the loss of head (h,) in the 
suction nozzle; local drop in pressure due to uneven velocity 
distribution in the impeller approach, and a small margin of 
safety. 
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(b) The right-hand term in Equation [2] can be expanded as 


follows 
1 x 


Where a is the absolute velocity angle and §; the vane angle at 
entrance, Fig.6. Similarly im Equation [3], the right-hand terms 


can be represented as follows 
(sin a)?" (sin Lat |" 


Term 4 is a contraction coefficient to account for the vaie 
thickness, as this has been disregarded when ¢, was calculated. 
(c) Since curves in Fig. 12 were plotted for low-specific-speed 
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w,? 
pumps where the term \ = is of secondary importance, the cutoff 


29 
capacity is determined by the impeller-eye velocity co, or ci» 
and is independent of the impeller diameter or pump speed as 
long as the cutoff capacity occurs at or near the best-efficiency 
point, as is shown on Figs. 1 and 2. Similar tests were published 
by von Widdern (14). Within the specified range for a fixed suc- 
tion head, the cutoff capacity is. independent of the specific 
speed and is governed by the absolute velocity through the im- 


peller eye. The term \ .~ is either small or else varies little 


Ww) 
with the specific speed, and the term \ 9 bears an approximately 


constant ratio to the c,?/2g, thus leaving the experimental nu- 
merical constant in the right-hand terms of Equations [2] and 
[3] essentially constant. 

With pumps of medium and high specific speed, (1500 to 
4000), the cutoff capacity will increase somewhat with the speed 
if the cutoff takes place to the right of the best-efficiency point. 
The cutoff capacity will decrease at higher speeds if cutoff 
takes place at capacities smaller than normal, Fig. 4. The rea- 
w,? 
29° 


son for this is the variation of the coefficient \ in the term \ 


Fig. 17 shows that is a minimum near the best-efficiency point. 
When the cutoff takes. place at capacities over the normal, 
the best-efficiency point moves nearer to the cutoff capacity at a 


w,? 
higher speed where \ is smaller, and thus » “ is smaller, hence 
g 


2 
- or pump capacity will increase. 
peak efficiency moves away from the cutoff capacity at higher 
speeds, while \ is increasing and the cutoff capacity is decreasing, 

Looking at the same phenomena from a different point of view, 
it will be noticed that where the cutoff capacity is nearer the 
peak efficiency at higher speed, the angle of attack of the incom- 
ing flow at the impeller entrance is smaller, the extent of separa- 
tion is reduced at the vane tips, and the effective area available 
for the flow is increased. Thus at the same suction pressure, 
a higher capacity is possible at a higher speed. When the cutoff 
takes place at partial capacity and the best-efficiency point is 
moving further at a higher speed, the angle of attack is increasing, 
separation is more pronounced, the effective area is reduced, and 
the cutoff capacity is lower at a higher speed in this case. 

Since the best angle of attack may not coincide with the point 
of best efficiency, the effect of the angle of attack on the maxi- 
mum capacity at several speeds may not be apparent if the 
cutoff capacity is not sufficiently removed from the best-ef- 
ficiency point. 


At partial capacities, the 


IN CENTRIFUGAL PUMPS 


Tuoma’s CAVITATION CONSTANT 


The experimental relationship between the impeller-eye veloc- 
ity at cutoff capacity and the suction pressure gives a satisfac- 
tory means for predicting cavitation for low-specific-speed pumps. 

For higher-specific-speed pumps this connection becomes in- 
accurate, and besides with high-specific-speed pumps, the drop in 
efficiency may appear much sooner than the pump-capacity cut- 
off. There is no simple way to predict beginning of cavitation 
in high-specific-speed pumps. 

D. Thoma, of Munich, has suggested (17) that the dynamic 
depression, including the velocity head at the impeller eye, can 
be expressed as a fraction of the total head, or 


The coefficient o is determined experimentally. Substituting 
for the dynamic depression its value in terms of ¢ and H, Equa- 
tion [1] takes the form 


The use of the cavitation coefficient « became quite general 
among the water-turbine designers and is coming into wide use 
by the centrifugal-pump builders. When applied to pumps, 
the numerator in the expression for Equation [8] represents the 
absolute pressure at the pump-suction nozzle referred to the 
pump-shaft center line or to the impeller central plane in a 
vertical pump. 

At about the same time as Thoma, Moody and Rogers (18) 
offered a cavitation coefficient for hydraulic turbines which is de- 
fined as follows 


where £, is the the draft-tube efficiency. The disadvantage of 
the Moody coefficient is that it excludes from the absolute pres- 
sure at the impeller eye the velocity head at the eye, thus con- 
fining the cavitation constant to a definite design of the impeller, 
The true value of the absolute velocity at the impeller eye is dif- 
ficult to determine as the direction of this velocity is never cer- 
tain. Thoma’s cavitation coefficient, on the other hand, can be 
applied to the pumping plant without any reference to the pump 
or turbine design. The pump or turbine is designed to meet the 
plant’s o with some degree of safety. Thoma’s cavitation con- 
stant is generally adopted by the industry; Moody’s coefficient 
is more of academic interest. 

The use of the cavitation constant ¢ is subject to a number of 
considerations as follows: 

(a) For the same pump at different speeds or similar pumps 
operated at the corresponding points (the same specific speed), 
all velocities vary as H, and hence 


const 
H 


This presupposes that \ in Equation [5] stays constant. This 
relationship is the basis of all model testing for cavitation. Ifo 
is determined by test for a certain design, Equation [8] or Equa- 
tion [10] can be used to determine the required suction head for a 
given pump total head. 
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(b) Equation [10] holds only at conditions approaching 
cavitation while the affinity laws still hold. When cavitation 
sets in, the laws of similarity are not fulfilled and the relationship, 
¢ = const, expressing similarity of conditions as to cavitation be- 
comes approximate only. 

(c) Tenot (19) gives the following relationship for the similar- 
ity as to cavitation when this has progressed beyond the incipient 
stage 


where o, is the critical sigma coefficient which is constant for both 
model and prototype 


ta va 


Ah 
ie ‘ is sigma for the model 
1 


Ah. . 
a= 7 is sigma for the prototype 

Terms H, and H2 are the operating heads of the model and proto- 
type, respectively. Tenot has demonstrated the validity of this 
relationship by high-speed (1/1,000,000 sec) photography of a 
small propeller pump, operated at several speeds with different 
suction heads. 

Equation [11] can be transformed as follows 

Multiply both sides by 


Equation {12) shows that for cavitation similarity in two 
pumps, the absolute pressure at the points of minimum pressure 
in the impellers is equally removed from the critical pressures 
(vapor pressure) existing at the incipient cavitation conditions. 
This means that if two pumps operate at different heads, H, # 
H, but the suction pressures are such that o: = o2, the pump 
with the higher head will have cavitation developed to a smaller 
degree than that prevailing in the low-head pump. 

If both model and prototype are tested at the same head H; 
= Hz, then 


Ge 
=> C2 


and, evidently, if Equation [11] holds and H; # Hz, 0: ¥ oz. 

(d) It has been pointed out already that it is difficult to de- 
tect the incipient cavitation, and any o, determined as a sigma 
for the critical cavitation conditions really may represent the 
state of cavitation progressed sufficiently to be measured by the 
available testing equipment. Therefore the relationships dis- 
cussed under (c) are of particular importance. 

Again, with wider use of high-specific-speed water turbines 
and pumps, frequently it becomes uneconomical to provide 
sufficient submergence to suppress cavitation completely under 
all operating conditions; therefore unless the heads are repro- 
duced in the model testing the conditions 0; = g2 will only ap- 
proximately represent the cavitation similarity. In water-tur- 
bine practice, when it is impossible to provide a proper sub- 
mergence due to high cost of excavation, the runner vanes are 
protected with stainless steel in the places subject to cavitation 
pitting (20). 
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(e) To make the discussion of cavitation more definite, the 
criterion of incipient cavitation should be stated, i.e., whether 
it is breaking off of the head-capacity curve, drop in efficiency, 
noise and vibration, or the pitting of the impeller vane. The 
drop in efficiency is more general as it applies to pumps, ir- 
respective of the specific speed, and may be found while other 
signs of cavitation are not yet apparent. Depending on the 
testing facilities and requirements, a drop of 1 per cent or even 
just a fraction of a point in the efficiency may be taken to indicate 
that cavitation has already set in. 

During cavitation tests, o variation is obtained either by 
changing the suction pressure (mostly by throttling), or by 
changing the pump speed and, hence the head at the same static 
suction pressure. 

While the first method is simpler to arrange, better results ar: 
obtained with the variable-head tests. For laboratory testing, 
a special testing equipment has been used to a limited extent 
With this method the pump suction is taken from a vessel which 
ean be kept under different pressures. With a variable-speed 
drive, this procedure is ideal for accurate o determination. 

Although the same o value may be cbiained with either 
low head and low suction pressure (high suction lift), or with high 
head and correspondingly higher suction head (larger pump or 
higher speed), the physical aspect of the phenomenon as far as 
cavitation is concerned is not exactly the same. In the first 
case, the whole suction pipe is under suction lift, and with low 
velocities, ample time may be available for air or gases to liber- 
ate and accumulate in quantities sufficient to impair the pump 
efficiency and reduce the head capacity before actual formation 
of vapor bubbles starts. In the second case the pressure drop is 
mostly dynamic and is limited to a small part of the impeller 
passages. Besides, with high velocities through the impeller, 
the time required for the water particles to cross the low-pressur 
zone is shorter, and, since in all thermodynamic changes tim: 
is an essential factor, the relative volume of vaporization and 
its effect on the pump performance is smaller for high-head 
pumps (14). 

Even for two similar pumps of different sizes operating at th 
same head and the same o value (which in this case means the 
same suction pressure), the extent of cavitation is not in propor- 
tion to the pump size, and the bad effects of cavitation will be 
less pronounced in the large unit. ; 

The water-turbine experience, where model testing is more 
frequently resorted to than in the pump industry, tends to indi- 
cate the truthfulness of the foregoing deductions. F. H. Rogers 
suggested (21) that “although cavitation starts at the same 
value of o for both model and prototype, the vapor-filled cavities 
are physically about the same dimensions, if the heads are the 
same, and hence the entire flow pattern through the large runner 
is affected to a lesser degree than in the case of the small model.” 

Although the velocities at similar points in the impellers are 
the same in both pumps under such conditions, the effect of the 
curvature of the impeller profile or suction approach on 
the velocity distribution (the maximum local velocity) is not the 
same in the small model and large prototype. The centrifuga! 
forces, which are instrumental in the distortion of the velocity dis- 
tribution along the curved path, are inversely proportional to the 
radius of curvature; therefore negotiating the curves through 
the impeller eye and suction approach in a large pump results in 
lower maximum local velocities, as compared with the average. 
than in a small model. 

(f) There are several ways to represent graphically the results 
of cavitation tests. In one of them a is determined for several 
points on the head-capacity curve and plotted versus specific 
speed of the same points. Fig. 20 shows curves for two pumps 
plotted on this basis. These curves give complete cavitation 
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Fic. 20 Caviration Constant o Versus Speciric SPEED ALONG 
Heap-Capacity CURVE 


characteristics of the pump, irrespective of size and speed. 

In another method, efficiency or head is plotted against sigma 
or suction head, at a constant speed and capacity, the drop in 
efficiency and head curves indicating the beginning of cavita- 
tion, Fig. 14. These curves give cavitation information for one 
point on the head-capacity curve, and this method is used mostly 
for model testing when head-capacity conditions are fixed and 
safe suction head is determined from model testing. 

In water-turbine practice, unit capacity and power are plotted 
versus sigma. These curves give complete cavitation char- 
acteristics for various loads and are independent of head, speed, 
or size of the unit. 

The general trend of sigma variation for the best-efficiency 
points of pumps of different, specific speeds is shown in Fig. 21 
and is discussed further under item (7) in this section. 

When the plant pumping capacity, head, and suction head are 
given, the plant @ is fixed. By selecting the proper pump speed, 
pumps of different specific speed may be used to meet the plant 
requirements with a desired degree of safety against cavitation. 
Frequently, the speed is also fixed by the specifications. In that 
case, the specific speed of the plant is fixed. Only a slight varia- 
tion in pump design is possible in such a case by placing the 
operating point to the right or left of the best-efficiency point. 
The rated normal specific speed of the pump at the best-efficiency 
point will be different from the plant specific speed, but special 
designs may be resorted to to obtain the desired degree of safety 
against cavitation. With pumps of high specific speed, where 


3 . 
the dynamic depression \ * plays an important part in setting 
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up cavitation conditions, the number of impeller vanes is an 
effective means of reducing the critical sigma value without 
changing the specific speed materially, Fig. 18. 

(g) The wide variation of o within the useful range of head 
capacities is caused partly by the variation of the numerator, 
representing the dynamic depression, and partly by the varia- 
tion in the head. In hydraulic turbines where o has been intro- 
duced first, the head is essentially constant. When the load 
on the turbine varies, the variation in o is determined entirely 
by the pressure conditions at the impeller eye. Thoma (23) 
suggested using the normal head at the best-efficiency point for all 
points on the head-capacity curve when calculating o for centrif- 
ugal pumps. However, this method has found only limited use 
in the pump industry. 

(h) W. M. White (24) has suggested the use of another fac- 


tor, ‘‘lamda,”’ in addition to sigma. This is defined as 
+h,—h,— E, —. [13] 
29 


It will be noted that this is nothing else but the numerator from 
the expression of Moody’s cavitation factor K,., Equation [9], 
and represents the dynamic depression resulting from the power 
transmitted by the vanes. It has been pointed out already 
that the dynamic depression is a predominant factor with the 
high-specific-speed pumps and varies for different types of pumps 
along the head-capacity curve. For low-specific-speed pumps, 
the dynamic depression varies little, therefore \, as given by 
Equation [13], will be independent of the head or specific speed. 
In this case the cavitation conditions can be predicted from the 
velocity considerations, and the relationships, given in Fig. 12, 
may be used. 

(i) From theoretical considerations, it is possible to estab- 
lish a relationship between the o factor and specific speed for best- 
efficiency points (14, 25) 


The general trend of ¢ variation as function of specific speed as 
found by actually plotting experimental results agrees very well 
with Equation [14], as is evidenced, for instance, by the curve 
published by Wislicenus, Watson, and Karassik, reproduced in 
Fig. 21, which follows exactly this equation. The scatter of the 
points about an average curve on the original Wislicenus curve 
is to be expected, as points were obtained with pumps of differ- 
ent design and were not necessarily located at best-efficiency 
points. For a series of pumps of consistent design, a continuous 
curve of o values versus specific speed should be obtained, as all 
design factors governing cavitation (eye area, number of vanes, 
etc.) are continuous functions of specific speed. The sigma 
curve in Fig. 21 can be expressed by the following equations 


6.3n,‘/ 
for single-suction pumps and 
4n,‘/* 


for double-suction pumps. 

Fig. 21 also shows sigma values obtained from the Hydraulic 
Institute charts of the upper limits of specific speeds for double- 
suction and single-suction pumps. This chart gives a belt of 
sigma values for several specific speeds rather than a single 
curve, higher values of sigma applying to lower-head pumps. 
Such arrangement resulted from the superimposition of per- 
formances of pumps of different makes. 
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Fig. 21 Cavitation Constant o Versus n, AT Best-Erriciency Pornt 


(j) Attempts have been made to introduce another cavita- fixed connection between the factor S, sigma, and specific speed 
tion criterion in addition to the generally accepted sigma. It is 


called “suction specific speed” (26, 27), and is defined as (18) 
{[17] Substituting into Equation [18] values of o from Equations 
[15] and [16] it is found that 
The development of Equation [17] is based on the use of § = 7900 = const for single-stage pumps...........-+- (19] 
similarity relations (affinity laws), at conditions approaching § = 11.200 = const for double-suction pumps........---- (20) 


cavitation and do not establish any new relationship between the 
variables entering into this expression which cannot be deter- 
mined from the affinity laws or sigma consideration. There is a 


rpm VQ 


Mh 
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Equations [15] and [16] can be transformed to 


6.3 
Ah = (rpm)/* Q” x lon [21] 
and 

2/ 4 

10° 
respectively. Note that head H does not appear in Equations 


([21] and [22], thus indicating that the net positive suction head is 
independent of the head. 

However, this does not mean that the impeller diameter can 
be cut or extended arbitrarily to obtain any desired head, and 
expect the relationships, Equations [21] and [22], will hold 
For a given head, these equations fix the specific speed and o 
values as they appear on curve Fig. 21. This curve applies to 
pumps of normal design. Evidently if different-specific-speed 
impellers are obtained by impeller-diameter variation only, the 
design will not be normal. 

(k) When using a model for testing performance and cavita- 
tion conditions, the similarity of the model and the prototype 
should be extended to the suction approach to the impeller and 
the discharge piping. While this has been fully realized by 
water-turbine manufacturers, the pump-testing laboratories 
overlook or underestimate the effects of the suction or discharge 
piping on the pump performance and behavior as to cavitation. 

(.) When applying cavitation data obtained on a small 
model to the prototype, the suction pressures are usually referred 
to the impeller-pump center line. However, the points of a 
minimum pressure may be above this plane of reference, and 
this distance may be considerably greater on the prototype pump 
than on the model. Under critical conditions, cavitation may be 
set up in the larger unit while the model is still free from cavita- 
tion. 


Means To AvorIp oR REDUCE CAVITATION 


(a) A knowledge of the cavitation characteristics of pumps 
is the most important prerequisite of any cavitation-problem 
study. 

(b) Second in importance is the knowledge of existing suc- 
tion conditions of the plant at the time when the pump selection 
is made. 

(c) An increase of suction-pipe size, reduction of suction- 
pipe length, elimination of turns, providing a good suction bell, 
in other words, reduction of losses in the suction pipe, improves 
the suction conditions of a pump in so far as cavitation is con- 
cerned. 

(d) An increase in the number of vanes in high-specific-speed 
pumps, or the removal of parts of the vanes and opening the 
passages in the impeller eye of low-specific-speed pumps will re- 
duce the minimum suction head to meet fixed head-capacity 
conditions, 

(e) An ample suction-approach area without excessive pre- 
rotation, a better streamlining of impeller approach, are essen- 
tial to obtain optimum cavitation characteristics of a pump. 

(f) Special materials may be used to reduce the pitting of 
pump parts due to cavitation, when justified, or if it is impos- 
sible to eliminate cavitation by any other means. 

(g) The noise and vibration caused by cavitation can be re- 
duced or eliminated by the admission of a small amount of air 
to the pump suction. 

(h) The impeller velocities, impeller-vane load, and head per 
stage should be low for minimum suction head. All of these 
factors lead to a bigger pump operated at a low speed, and pos- 
sibly locating the operating point to the left of the best-efficiency 
point. 
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CONCLUSIONS 


1 The mechanical nature of cavitation pitting has been es- 
tablished conclusively. Electrolytic and chemical action are of 
secondary importance or negligible. 

2 The suction conditions of the plant should be definitely 
known when pump selection is made, to avoid cavitation; also, 
the cavitation characteristics of the pump should be available. 

3 The drop in efficiency is the most reliable criterion for de- 
tection of cavitation. 

4 Cavitation conditions can be predicted for low-specific- 
speed pumps from the consideration of the velocity through the 
impeller eye, Fig. 12. For normal design of pumps, sigma can 
be taken from curve Fig. 21, for any specific speed as an approxi- 
mation. 

5 The law of similarity for cavitation model testing (¢ = 
const) holds only for conditions approaching cavitation. When 
cavitation has progressed to some degree, this relationship is ap- 
proximate only. 

6 The harm caused by cavitation is less pronounced in a 
large pump than in a small model for the same value of sigma. 

7 The presence of gases in liquids does not affect the behavior 
of pumps as to cavitation, except that vaporization starts at a 
higher absolute pressure, due to the law of partial pressures. 
Drop in head capacity may appear earlier on account of libera- 
tion of gases of reduced pressure, and the water-hammer ef- 
fect of collapsing vapor bubbles is cushioned. 

8 The life of pump parts can be increased considerably, Figs. 
15, 16, by using special materials. 

9 Penetration of metals by water under repeated stresses 
furnishes a logical explanation for the origin of local destructive 
high pressures found during cavitation, and also in the cases of 
metal failure by fatigue in presence of liquids. 

10 Variation of sigma values with specific speed for norma) 
design of pumps can be represented by the equations 


6.3 n,‘/* 
¢= —— 


108 for single-suction pumps 


and 
4 n,‘/? 
c= 0° for double-suction pumps 


Although these relationships have been established experi- 
mentally, they have logical theoretical justification. 
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Testing of Precision-Lathe Spindles 


By G. M. EOLEY,! COLUMBUS, OHIO 


During the war the aircraft industry has demanded the 
mass production of parts to tolerances previously possible 
only from the most highly skilled workmanship. In the 
case of small parts, the tolerances, stated in absolute units, 
are of the smallest order. This situation led the Bunting 
Brass and Bronze Company, producer of small bushings, to 
sponsor research on the design and performance of small 
precision-lathe spindles, in order that improvements 
might be made which would result in the production of 
parts to closer tolerances than had previously been 
achieved. This paper describes the development and oper- 
ation of spindle-testing equipment capable of measuring 
continuously and at any speed changes in the position 
of the spindle axis relative to the quill as small as one 
microinch. 


HE large demand of the aircraft industry for precision 

parts at the beginning of the war-production period neces- 

sitated mass production to tolerances which were formerly 
met only with the most highly skilled workmanship. 

The smellest tolerances, stated in absolute units, are demanded 
of small parts. The Bunting Brass and Bronze Company, a pro- 
ducer of small bushings, therefore sponsored research on the per- 
formance and design of small precision-lathe spindles, mainly 
with the object of improving the spindle to the point where it 
would be suitable for production of parts to closer tolerances 
than have yet been required. 

It was immediately apparent that no means existed for meas- 
uring the performance of a lathe spindle apart from the machine, 
and the only test for performance that was in use was the ex- 
amination and measurement of parts made using the spindle in 
the lathe or boring mill. It is obvious that the size and shape 
of such a part may be affected by many factors outside the spindle, 
yet the source of errors must be known before steps can be taken 
to remedy them. 


INACCURACIES Propucep ny Poor SpInDLE PERFORMANCE 


Inaccuracies in the work produced in a lathe originate from 
“relative”? motion between the spindle axis and the work. In- 
struments which measure vibration ot the work or the machine 
give little information about the spindle, since it is possible 
that the machine may vibrate as a whole without bad effect 
on the work, or the source of harmful vibration may not be the 
spindle. 

The spindles tested were to bore smooth round holes or to 
turn round parts on lathes or boring mills. The quality of such 
work can be specified in the following terms: 


1 Size; inside or outside diameter. 

2 Roundness; the approximation obtained to a true cylinder. 

3 Straightness; freedom from taper, or the maintenance of 
required taper. 

4 Location of hole or boss. 

5 Smoothness of machined surface. 

1 Physics Department, Battelle Memorial Institute. 

Contributed by the Production Engineering Division of Tue 
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meeting of the Chicago Section, April 19, 1945. 
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The role of the spindle in determining these qualities is as fol- 
lows: 


1 If the spindle does not rotate always about the same axis 
there will be a variation in size from place to place on the work. 

2 If the axis of rotation varies, but in the same or nearly the 
same pattern upon each revolution, the work will be out of round. 

3 If the spindle rotates first about one axis and then gradually 
shifts to rotation about another axis, the work will be tapered. 

4 If the spindle axis shifts with each new cut, the position of 
holes bored in a boring mill will vary, or the size of parts turned 
on a lathe will change. 

5 If the spindle axis shifts rapidly and vibrates under cutting 
loads or from other causes, such as inherent roughness in the 
spindle, the surface cut will be rough. If the spindle axis shifts 
noneyclically during the revolution, the surface will also be rough. 


The last item is ever-increasing in importance because of the 
smooth surfaces required on machined parts. 
SpinDLE-TestiInG EQUIPMENT 


The testing method adopted was to set up a machine in which 
the position of the spindle relative to its quill could be measured 
instantaneously and continuously with a maximum sensitivity 
better than 1 microinch. 


Fie. 1 


APPARATUS 


Spindle Support and Drive. 


The spindle-testing machine is 
shown in Fig. 1. 


The spindle itself is lapped into the cradle 
shown and is held down by straps pulled up by coil springs. The 
spindle is driven by a 2-hp induction motor through a variable- 
speed drive (neither of which is visible in the illustration), and 
the jackshaft shown at the right of the figure. 

The entire spindle mount rests on sponge-rubber pads, and the 
spindle is connected to the jackshaft through a vibration-absorb- 
ing coupling. Vibration of the spindle mount during operation 
is very small; the measuring equipment is, in any case, unaffected 
by motions of the entire mount. 

The spindle can be driven in the machine at speeds up to 3000 
rpm, 
Measuring Apparatus. The conditions to be met by the 
measuring equipment were quite severe. It was required to 
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measure continuously and at any speed the “position” of the 
spindle axis relative to the quill. The measurement should not 
disturb the operation of the spindle in any way. The instrument 
should measure changes of position as small as 1 microinch in 
order to detect causes of minute roughness. The sensitivity of the 
apparatus used was actually limited only by the precision with 
which the reference surface, whose position was measured, could 
be lapped to a true cylinder. 

Among the most critical of these requirements was that the in- 
strument should measure position, not motion; it had to be sen- 
sitive to long-period motions, and to hold its zero over relatively 
long periods. It had, at the same time, to respond without lag 
to very rapid movements. 

The surface whose position is measured is the cylindrical spindle 
extension at the front end of the spindle in Fig. 1. This was 
lapped with a ring lap until further lapping produced no change 
in its shape; it could then be assumed that it was within 5 
microinches of a true cylinder. 

The measurement made is of the gap between this cylindrical 
extension and the two “probes” which can be seen fastened to 
the spindle cradle one on either side of the machine. 

The working end of one of these probes is shown in Fig. 2. The 
two blocks seen in the end are plates of an electrical condenser. 
The plates are held on a bakelite block, and the gap between 
them and the outer brass shield of the probe is filled with sulphur. 
The whole end of the probe was lapped against a cylinder the 
same diameter as the spindle extension. 

The circuit of one of the two measuring channels is shown in 
Fig. 3. The condenser shown at C; consists of the plates in the 
end of the probe together with the spindle extension. The 
capacitance between the two probe plates varies according to 
changes in spacing between the spindle extension and the probe. 

Condenser C; is the condenser in the tuned circuit C)-L; of a 
push-pull Hartley oscillator. The resonant frequency of such a 
circuit is 
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In the tuned circuit Li-C,, the total capacity is composed of a 
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stray capacitance C, and the capacitance C;, which is essentially 
a parallel-plate condenser, in which 


Cy 


where k is a constant, and d is the spacing between the plates of 
C, and the spindle extension. 


k 
IfL = L,andC = C, + 7 are substituted in Equation [1], 


differentiation results in the following 


1 
2 kd + Cyd? 


The changes in d which it is desired to measure are not more 
than 1 per cent, so that df/dd is practically inversely proportional 
to d, while on the other hand the sensitivity of the apparatus can 
be varied at will by larger changes in d. 

The tuned circuit L,;-C; was made resonant at about 3200 ke. 
The output of the oscillator is fed through the buffer amplifier 
V, and V4, which prevents movement of the coupling leads and 
tuning of the amplifier and mixer from affecting the frequency of 
the oscillator, to the mixer Vs. Here the signal is heterodyned 
with the output of oscillator Vs, about 2745 ke, and the ap- 
proximately 465-ke heterodyne signal is selected by the trans- 
former T, to be amplified. The voltage of the signal is raised 
to about 300 volts by the amplifier V; and amplifier-limiter Vs. 
The signal is then applied to the discriminator tube Vp. 

The discriminator circuit is one which produces a voltage di- 
rectly proportional to the difference between the applied fre- 
quency and the resonant frequency of the discriminator trans- 
former, T;. The voltage across the terminals marked ‘‘to 
oscilloscope” is thus proportional to small changes in spacing of 
the condenser C;, which change the frequency of the oscillator 
V,-V3 and thus the frequency applied to the discriminator. 

Tube V. was later arranged to operate as a “limiter” amplifier 


(a) (Above) Front of spindle shaft 
(0) Right) Front bearing 
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(a) Gravity oil feed (b) Pressure oil feed 
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and thus prevented changes in amplification in previous stages 
from affecting the output voltage. 

Each of the two channels is entirely independent. The sensi- 
tive condensers are placed 90 deg one to the other, so that each is 
sensitive mainly to motion along one axis of a system of recti- 
linear co-ordinates. The output of each measuring channel is fed 
directly to one pair of plates of a cathode-ray oscilloscope tube. 

The peak output voltage of the discriminator is about 200 volts, 
so that no direct-current amplification is necessary. Thus the 
motion of the cathode beam in the oscilloscope is a magnified 
representation of the motion of a point at the center of the spindle 
extension. The magnification most often used was 10,000; 
although magnifications much greater and much less than this 
are easily available. 

It will be apparent that the center of the spindle extension does 
not in general coincide with the axis of rotation of the spindle. 
However, if the spindle axis remains the same during the revolu- 
tion the center of the spindle extension will move in a circle, and 
the pattern on the oscilloscope screen will be a circle. Devia- 
tions from circularity will indicate changes in axis of rotation of 

the spindle. 


MEASUREMENTS MapDE 


While the design and performance 
of lathe spindles are outside the scope 
of this paper, some examples of the 
measurements made with the instru- 
ment are included. 

Fig. 4(a) shows the pattern pro- 
duced on the oscilloscope screen by the 
rotation of a simple sleeve-bearing 
precision-lathe spindle, the lubricant 
being supplied to it by gravity. The 
magnification of the original, in terms 
of spindle movement, was < 10,000, 
and the pattern shows runout during 
the revolution of the spindle of about 
20 X 10-* in. Fig. 4(6) is the pat- 
tern produced by the same spindle 
when oil was supplied to it at 40 psi. 
The runout has increased to about 
50 X 10-* in., apparently on account 
of nonuniform oil flow through the 
spindle. 

The reasons for this shift are clearly 
shown in Fig. 5. Fig. 5(a) is a repre- 
sentation of the contour of the front 
end of the shaft of this spindle. It 
was obtained by rotating the shaft of 
the spindle, noting the deflections of 
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(a) Gravity oil feed (b) Pressure oil feed 
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the galvanometers of the spindle-testing instrument, and plotting 
the values obtained. It corresponds exactly with the oscillo- 
scope pattern which would be obtained by rotating the shaft at 
it.finitesimal speed. Fig. 5(b) is the contour of the front bear- 
ing of the spindle and was obtained by rotating the shaft while 
a force was applied to it so that the same surface of the shaft 
would always be in contact with the bearing. 

Figs. 5(a) and 5(b) show that the clearance of the spindle may 
vary by 2 X 10-‘ in. from point to point around the circum- 
ference, and that the place having largest clearance will move 
during the revolution of the shaft; oil under pressure will thus 
increase the axial shifts of this particular spindle. 

In order to study the effect of a vibrating load on the spindle 


(a) 5-min shutdown (6) 1-hr shutdown 
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similar to that which would occur in cutting, a small ball bearing 
was placed on the spindle extension, the inner race of which 
moved with the spindle while the outer race was held still by the 
force of gravity on a small weight attached to it. Fig. 6 shows 
the oscilloscope patterns produced under such conditions in the 
plain-bearing spindle both with gravity oil feed and pressure feed. 
It will be seen that the rigidity of the spindle under such loading 
is not much affected by oil pressure. : 

The manner in which the spindle-testing equipment can be 
used to measure long-time changes in spindle position is shown 
in Fig. 7- Fig. 7(a) is a double exposure of the oscilloscope pat- 
terns before and after a 5-min shutdown of the spindle. The 
spindle axis has changed about 10~¢ in. relative to the probes 
on account of cooling of the machine. A similar double exposure 
before and after a 1-hr shutdown, Fig. 7(6), shows that a shift 
of about 3 X 10>‘ in. has occurred in this time. This shift, or a 
greater one, might be cause for rejection of some parts made on a 
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machine after such a shutdown if the spindle had this perform- 
ance. 

Fig. 8 shows the pattern produced during two successive revo- 
lutions of a spindle containing a pair of superprecision combina- 
tion radial-and-thrust ball bearings in the back end and a plain 
bearing in the front end. Unlike the plain-bearing spindle, the 
axis of this spindle does not retrace its path during successive 
revolutions on account of the ball-bearing races rotating at 
about one half the rate of the spindle. The precession of the axis 
of this spindle has an amplitude somewhat greater than 30 mi- 
croinches per revolution, sufficient to produce a roughness quite in- 
tolerable on some machined parts. 


CONCLUSION 


The apparatus described was found very useful in providing 
information for use in the design of new precision-lathe spindles, 
and in checking the performance of them after they were built. 
It is apparent that the same type of circuit may be useful in 
other cases where measurements of very small changes in position 
or size are to be made. While the advantages of this design over 
some other electrical micrometers and strain gages are most 
apparent where the demand is for an instrument to measure dis- 
placements both at very high and zero rates of change, the way 
in which the frequency-modulation principles used free the equip- 
ment from errors caused by changes in amplification is also 
desirable in other applications. 


(Owing to travel emergency conditions existing when this paper was presented, written discussion will be accepted until November 10, 194°.) 
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Irreversibility in the Theoretical 
Regenerative Steam Cycle 


By R. E. HANSEN,? 


An irreversible process takes place in the theoretical 
regenerative steam cycle for power generation when 
superheat in the steam bled from the turbine is transferred 
to feedwater. Increase in entropy occurs, as in any 
irreversible process; this increase can be determined by a 
simple method of graphic integration, and used in com- 
puting additional heat rejection to the condenser. Heat 
rate of the cycle can then be found with a high degree of 
accuracy by a simple formula. 


NOMENCLATURE 
The following nomenclature is used in the paper: 
HT = enthalpy of steam at point indicated by subscript, 
Btu per lb 
h = enthalpy of water at point indicated by subscript, 
Btu per lb 
increase in pressure between adjacent infinitesimal 
feedwater heaters 
s = entropy per pound of steam at point indicated by sub- 
script, Btu per deg F 
S = entropy when used to indicate total in system, Btu per 


deg F 


AS = total gain in entropy for cycle with 1 lb of steam at 
throttle, Btu per deg F 
T = absolute temperature at point indicated by subscript, 
deg F 
v = specific volume of feedwater in heater 
Wp, = work lost during an irreversible process 
dw = fraction of throttle steam bled at any stage 


| —w) = quantity of feedwater in any heater, with steam quan- 
tity at throttle taken as unity 


INTRODUCTION 

Analyses of the theoretical regenerative steam cycle have been 
made in the past, with the purpose of developing procedures for 
computing heat rate. Methods that have heretofore been pre- 
sented, however, are laborious and leave much to be desired in 
the way of simplicity in use. The purpose of the present paper 
is to show that by computing the increase in entropy which oc- 
curs in the eycle, the heat rate may be determined quickly and 
with a high degree of accuracy. 

The theoretical regenerative cycle is one in which steam is ex- 
panded adiabatically; a sufficient quantity is bled from the tur- 
bine at an infinite number of points to heat feedwater in an in- 
finite number of open (contact) heaters to the temperature at 
which evaporation occurs. Feed-pump work is done at 100 
per cent efficiency. Boiler-plant, pipe-friction, radiation, and 
generator losses, also temperature differences in conduction, are 
considered zero, the limit they would approach if size of equip- 
ment and insulation were indefinitely large. 

The provisions as set forth require that all processes in the 
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cycle be accomplished reversibly except one. Steam bled from 
the turbine in the superheai region is mixed irreversibly with 
feedwater, the latter being at the same pressure as the steam but 
at its saturation temperature. During this irreversible process, 
an increase in entropy occurs. Usually, engineers are reluctant 
to utilize the concept of entropy except when it remains constant, 
but, as will be shown, the quantity is a convenient device, even 
when it is a variable. 
EQUIVALENCE OF REVERSIBLE CyciEs 

Steam can theoretically be made to do work in the cycle 
ABCDEA, Fig. 1, condensation being stopped at point F, and 
wet steam being compressed adiabatically to point A. In the 
regenerative cycle, steam is completely condensed to point G 
on the liquid line, steam being bled from several stages in the 
turbine to heat condensate to point A. If this process of regen- 
eration were strictly reversible, the cycle would then be exactly 
equivalent to cycle ABCDEA, the greater quantity of heat re- 
jected to condensing water per pound of steam going to the 
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condenser being exactly compensated by a decrease in the quan- 
tity of steam condensed. This is a consequence of Carnot’s law 
that each increment of heat added in a cycle at absolute tem- 
perature 7’, and rejected at temperature 7’; is utilized with ef- 
ficiency (7, — T2)/T,, provided no irreversible processes occur 
within the cycle. Any cycle in which the pattern of heat input 
is along line ABC has the same efficiency as the cycle ABCDEA, 
provided only that all heat rejection is at the same temperature 
and that no irreversible processes are used. 


Cycies VaryinG STEAM QUANTITY 


To assist in visualizing the cycle, the diagram may be con- 
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sidered to have a third dimension, i.e., quantity of steam. Any 
horizontal cross-sectional area of the resulting solid would then 
represent a total, rather than a,unit, quantity of entropy. Ran- 
kine cycle, shown by ABCDGA, has a constant steam quantity, 
hence front and rear faces of the solid representing it are plane 
and parallel, and all vertical sections parallel to the temperature- 
entropy plane are identical. In the theoretical regenerative 
cycle, the weight of steam in the turbine diminishes as expansion 
proceeds from C to D, Fig. 1, and the weight of feedwater in- 
creases as it is heated from G to A. The total quantity of en- 
tropy represented by any horizontal cross section in Fig. 2 
would remain constant below the plane of saturation tempera- 
ture at the throttle, if a completely reversible regenerative cycle 
were used, as illustrated by solid lines in Fig. 2. Entropy may 
here be regarded as transferred from bled steam to feedwater, 
without increase in total quantity in thé system. 
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Fig. 2. THreE-DIMENSIONAL DIAGRAM FOR THEORETICAL REGEN- 
ERATIVE STEAM CYCLE 


While, as already indicated, the regenerative cycle cannot be 
completely represented in a two-dimensional diagram, an equiva- 
lent constant-quantity cycle may be depicted. For the reversi- 
ble regenerative cycle, the width of the equivalent constant- 
quantity cycle, now representing entropy per unit of steam, is 
constant. When irreversible processes are used, the additional 
entropy generated must be taken into account, progressively 
widening the equivalent diagram, as shown by dotted lines in 
Figs. 1 and 2. The regenerative cycle with irreversible feed-heat- 
ing process may therefore be represented on the 7-S plane by 
displacing point E toward the left by an amount AS, as at Fi, 
where AS is the total entropy generated for each pound of throttle 
steam. 


CompuTING EntTROPY INCREASE 


To determine the increase in entropy resulting from the ir- 
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reversible process, the first law of thermodynamics is used 
Thus if a quantity of heat, represented by an area 7',S on the 
temperature-entropy diagram, Fig. 3, is cooled without doing 
work to temperature 7':, then the following relation must hold 


TS = TAS oa AS) 
from which 
— 
T: T: 


where Wz is the quantity of work that could have been gener- 
ated in a reversible cycle. This may also be expressed differenti- 
ally, as 


To be reversible, the process of regeneration must be accom- 
plished in such a way that heat passes from one fluid to another 
at the same temperature. As long as wet steam is bled in in- 
finitesimal steps and gives up its heat in feedwater heaters each 
operating with zero terminal difference, the process is fully re- 
versible. But when superheated steam is bled and used at con- 
stant pressure in the heaters, part of the process is not reversible. 
This is because heat at temperature higher than saturation passes 
to water at saturation temperature. To accomplish reversiblity 
in the superheat region, it would be necessary to compress bled 
steam isothermally to saturation pressure corresponding to its 
superheat temperature, as from Y to Z in Fig. 1, utilizing the 
heat rejected in isothermal compression for heating the feed- 
water. If instead steam is bled at point X where the expansion 
process has progressed to a pressure equal to that of the satu- 
rated steam at feedwater temperature and is cooled irreversibly, 
work represented by triangle X YZ is lost. Then, from Equation 


[1] 


bo 


dS = Hx —hy— Ty (x — 9) 


if dw is the fraction of the throttle steam bled at any stage and 
subscript f refers to the condition of saturated liquid at the pres- 
sure of the bled steam. 

The heat balance for the infinitesimal heater is 


dw(Hx — hy) = (1 —w) [dhy—vdp] = (1 — w) Tydsy. . |3)’ 
Substitution of Equation [3] into Equation [2] yields 
Hx —hy—Ty(8x — 89) 
—w)ds,......|4] 
dS | (1 — w)dsy 


* ‘Thermodynamic Properties of Steam,” by J. H. Keenan and 
F. G. Keyes, John Wiley & Sons, Inc., New York, N. Y., 1936, qua- 
tion [2a]. p. 12. 
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The quantity of steam in the turbine at any tem- 
perature (1 -— w) is found from the cross-sectional area 
of the three-dimensional diagram shown in Fig. 2. As 
stated before, this area remains constant except for the 
accumulated increase in entropy occurring as regenera- 
tive heating proceeds. Such cumulative increase is zero 
at the throttle, where its rate of increase is greatest, and 
reaches its maximum value when bled steam becomes 
saturated, at which point no further increase occurs. It 
is therefore sufficiently aceurate for the purpose of y 
evaluating 1 w to assume the cross-sectional area con- 
stant, that is 


(1 


[5] 


(Be- 


The magnitude of inaccuracy resulting from this simpli- 
fying assumption is about 1 per cent of AS at 3200 psia 
1200 F, and much less at lower throttle conditions. The 
corresponding error in heat rate, computed as will be 
shown, is less than 2 Btu per kwhr. Making this substitu- 
tion and simplifying produces 


Equation [6] is integrated between limits of sy corresponding 
to the throttle pressure and the point where the expansion curve 
crosses the saturation line by plotting the values of the bracketed 
coefficient against sy as in Fig. 4, and multiplying the area under 
the curve by the constant term (s¢ — 8,4); this product is AS. 

A sample calculation is shown in Table 1 for throttle condi- 


— w) — 8) = 1 X (8¢ — 84) 


_ Ty 
Hx 


] 
dS = (Se 84) [6] 


COMPUTATION OF EXPRESSION IN EQU ey: [6] FOR sy 


0.20 


THIS AREA 
EQUALS 0.0288 


S¢ 


Fig. 4 Grapuic INTEGRATION, A STEP IN FINDING AS 


second paragraph of the present paper Agreement between 
those data and heat rates computed by the method now presented 
is shown in Table 2. 
APPLICABILITY OF METHOD 

The advantages of computing theoretical cycle heat rates by 
the new method, as compared with that presented last year, are as 
follows: 

1 Less work is involved; only 10 steps are needed in Table 2, 


= 1.5745, CORRE- 


SPONDING TO 2300 PSIA 1200 


TABLE 1 

sx — of 

1 2 5 

Psia sf sy — (2) 1.0 + (3 1% 
3200 1.0320 0.5425 1.843 1164.8 
3000) 0.6014 1.663 1155.0 
2800 0.9459 0.6286 1.591 1144.7 
2400 0.9023 0.6722 1.487 1121.8 
2000 0.8619 0.7126 1.403 1095.5 
1600 0.8196 0.7549 1.323 1064.6 
1200 0.7711 0.8034 1.245 1026.9 
800 0.7108 0.8637 1.158 977.9 
400 0.6214 0.9531 1.049 904.3 
141 0.5076 1.0669 0.97 813.3 


TABLE ? 
Steam conditions 


] 

Hx — hy 

6 7 8 9 10 

Hx hy (6)—(%) (5) + (8) (4)—(@) 
1569.9 872.4 697.5 1.670 0.173 
1559.3 802.5 756.8 1.526 0.137 
1548.0 770.1 777.9 1.471 0.120 
1523.6 718.4 805.2 1.394 0.093 
1495.6 371.7 823.9 1.330 0.073 
1462.8 624.1 838 .7 1.268 0.055 
1422.8 571.7 851.1 1.206 0.039 
1370.6 509.7 860.9 1.136 0.022 
1291.3 424.0 867 3 1.043 0.006 
1193.1 325.4 867.7 0.937 0.000 


COMPUTED HEAT RATES COMPARED WITH PUBLISHED DATA 


——-at Condenser -——Heat rate, Btu per kwh—— 
Pressure Temp, oressure, Value of Computed Selvey and 
psia deg E n. Hg abs As from AS Knowlton, Table 1 
3200 1200 1.0 0.0156 5999 5999 
850 900 1.0 0.0036 7235 7232 
400 700 1.0 0.0014 822 8222 


tions 3200 psia 1200 F, with sy equal to 1.5745. Values from 
column 10 are plotted in Fig. 3, and the area, computed as 
0.0288, is multiplied by sy — 84 = 0.542; the product is 
0.0156, which is the value of AS for use in Equation [7]. 


Heat Rates 
Heat rate is given as follows: 


3412.75 (He — ha) 
He — ha—T x (8c —8a + 28) 


Theoretical heat rate = : : : 
If AS is determined accurately, Equation [7] is exact. 

In a paper® presented last year, Messrs. Selvey and Knowlton 
gave heat rates accurately computed for a cycle as defined in the 


“Theoretical Heat Rates,”’ by A. M. 
pare and P H. Knowlton, Trans. A.S.M.E., vol. 66, 1944, pp. 489- 


compared with 35 in the method described in the previous paper; 
the nature of the computations is such that slide-rule accuracy 
will usually be adequate. 

2 The integration for AS may be performed between differ- 
ent limits on a single curve, such as that in Fig. 4, so that the 
computation of a few such curves will suffice to give the com- 
plete range of values for all commonly used pressures and tem- 
peratures. The quantity AS, being small compared with 
8p — 8,4, can be obtained with sufficient accuracy by interpola- 
tion even though the intervals are quite large. 

3 The basis of derivation is concerned only with the funda- 
mental properties of steam and eliminates the need for dealing 
separately with the work done by the boiler feed pump; atten- 
tion thus being focused on the essential and limiting factors. 

4 Data can be more readily utilized in working with complex 
cycles in which steam is reheated after partial expansion. In 
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this case AS for partial expansion would be that for the throttle 
condition minus that for the uncompleted part of the expansion 
and is added arithmetically to AS for additional expansions, each 
multiplied by the fraction of the original steam remaining at the 
beginning of expansion. 

5 AS is independent of back pressure, unless the exhaust is 
superheated; no back-pressure corrections need be computed. 

A complete table of heat rates for the theoretical regenerative 
cycle having already been published,’ the author has not under- 
taken the computation of exact values of AS at this time. Use- 
fulness of such compilation would be largely for special cases; 
when needed, AS can be computed from published theoretical 
heat rate by means of Equation [7], or by the method just given. 
To show approximately how quantity varies, however, Fig. 5 is 
presented. It is based on rough calculations covering pres- 
sures up to 3000 psia and temperatures 600 to 1600 F. 


NONADIABATIC TURBINE EXPANSION 


In applying the method as described to the determination of 
eycle performance with an actual turbine, the entropy increase 
due to irreversibility in feedwater heating becomes greater than 
with the cycle as previously defined. The higher superheat at 
intermediate bleed points is responsible for this condition, which 
ean be taken accurately into account only by recomputing AS, 
using the actual expansion curve. An additional AS value be- 
cause of irreversibility in turbine expansion can be read from the 
expansion curve, and the sum of these used to determine the 
heat rate of another cycle, also having an infinite number of 
bleed points. 

The result under the method indicated would not be the same 
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Fie. 5 Vartation oF AS Wirn Pressure TEMPERATUR: 
as obtained by dividing the heat rate of the theoretical adiabatic 
evcle by the over-all turbine cfiiciency, though the difference may 
be small. It follows that whatever method is used for deter- 
mining the heat rate of the adiabatic cycle, the entire calculation 
must be repeated for the nonadiabatie cycle, if axact results are 


needed. 


(Owing to travel emergency conditions existing when this paper was presented, discussion will be accepted until November 10, 1944 
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Critical Shearing Stress in Skin-Stressed 
Boxcar Sides 


By V. L. GREEN! anp J. J. DRINKA,? MILWAUKEE, WIS. 


Developments in boxcar construction are traced 
through the period of the 1920’s and early 1930's, leading to 
design work by K. F. Nystrom on The Milwaukee Road 
in which 15-gage side sheets, stiffened by six longitudinals 
of the lapped type formed integrally with the side sheet, 
were found to be entirely satisfactory for car-side con- 
struction, and accomplished a saving in weight of 600 Ib. 
In order to determine the possibility of further weight re- 
duction without sacrificing strength, a study was made of 
the elastic stability of various types of car sides, and tests 
were conducted to correlate the theoretical study with ac- 
tual test results. This paper includes a discussion of 
shearing stress in thin-webbed girders, the test procedure, 
a theoretical analysis of a number of panels tested, and the 
results obtained for the panels tested. 


INTRODUCTION 


URING the late 1920’s and early 1930’s the trend in 
it boxear construction was directed from single-sheathed, 

diagonal-braced construction to the steel-sheathed, wood- 
lined type of car. The early frame construction was of the truss 
type and the sheathing was not employed as a part of the load- 
carrying structure. The steel-sheathed wood-lined cars did not 
utilize diagonal bracing, and the car structure was therefore 
similar to a plate girder, the steel side sheets serving as the web 
of the girder. In this construction the high shear loads at the 
ends of the beam are transmitted to the supports by the web 
working in shear. Thé early steel-sheathed cars utilized rather 
heavy-gage steel side sheets approximately 0.100 in. thick, and 
such cars weighed approximately 46,500 lb for cars 40 ft 6 in. in 
length. 

Prior to 1925 the load limit on boxears was determined on the 
basis of 110 per cent of the nominal capacity. This method of 
determining the load limit fixed the maximum lightweight for a 
40-ton freight car at 48,000 lb, and for a 50-ton freight car at 
59,000 Ib. Since the load-carrying capacity of the car was thus 
definitely determined there was no great advantage in reducing the 
weight below this maximum light weight. However, in 1925 the 
procedure for calculating the load limit was modified. The load 
limit was to be determined by obtaining the difference between 
the permissible weight at the rail, based on journal size, and 
the lightweight of the car. Thus weight reduction became of 
prime importance, as every pound removed from the car struc- 
ture could be replaced by a pound of tariff-producing lading. 
Since the weight of the side sheets on a 40-ft 6-in, boxear with 
0.100-in. side sheets was approximately 2735 lb, decreasing the 
thickness of these sheets was a fertile field for weight reduction, 
and some boxcars were built with 14-gage (0.075 in.) side sheets 
stiffened with a few very heavy stiffeners. The weight of the 


' Chicago, Milwaukee, St. Paul & Pacific Railroad. 

* Chicago, Milwaukee, St. Paul & Pacific Railroad. Jun. A.S.M.E. 

Contributed by the Railroad Division and presented at the Annual 
Meeting, New York, N. Y., Nov. 27—Dee. 1, 1944, of THE AMERICAN 
SocteTy oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 
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side sheets on a 40-ft 6-in. boxcar of this type was approximately 
2350 lb, a desirable weight reduction. These cars did not col- 
lapse and are still in service, but the side sheets developed stress 
buckles at the bolster panels under heavy loads. 

It was decided, nevertheless, that the 14-gage sheets were, if 
adequately stiffened, suitable for side sheets and K. F. Nystrom 
of The Milwaukee Road developed a car side utilizing 14- 
gage sheets with six longitudinal stiffeners of the lapped type 
formed integrally with the side sheet as shown in Fig. 1. A large 
number of cars were constructed with this type of side with 
completely successful results, as the side sheets showed no evi- 
dence of the formation of buckles under load. The weight of the 
side sheets on a 40-ft 6-in. boxcar of this type was 2495 lb, which 
is 145 lb more than that of the previously discussed inadequately 
stiffened 14-gage side construction, but is 240 lb less than the 
weight of the side sheets on a car with 0.100-in. side sheets. 


| 


In order to determine the possibility of accomplishing further 
weight reduction without sacrificing strength a study was made 
of the elastic stability of various types of car sides, and a number 
of tests were conducted to correlate the theoretical study with 
test results. The following types of side construction were con- 
sidered in the theoretical analysis: 


1 A flat, unstiffened side section with 15-gage side sheets. 

2 A side section consisting of 15-gage side sheets stiffened 
with two lapped longitudinal ribs. 

3 Same side section as No. 2 with a 20-gage vertical stiffener 
added. 

4 The car-side section previously used on The Milwaukee 
Road, consisting of a 14-gage side sheet with six lapped, 
longitudinal stiffeners. 

5 Aside section similar to No. 4 with 14-gage side sheets and 
six lapped longitudinal stiffeners smaller than those used for No. 
4, 

6 A-side section with 15-gage side sheets and six lapped lon- 
gitudinal stiffeners. 

7 Aside section with 16-gage side sheets and six lapped lon- 
gitudinal stiffeners. 

8 A flat unstiffened side section with 0.100-in. side sheets. 
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Test panels representative of side sections 1 to 5, inclusive, 
were fabricated and tested to check the analytical results. 

This paper will include a discussion of shearing stresses in thin- 
webbed girders, the test procedure, a theoretical analysis of each 
panel, and the test results for the panels tested. 


SHEARING STREss IN THIN-WEBBED GIRDERS 


The web of a plate girder is a thin plate subjected to shear, com- 
pressive, and tensile stresses. The shear and compressive forces 
tend to buckle the web of the girder. 

The plate girders utilized on railway and highway bridges have 
webs which are thick enough to resist this buckling or have web 
stiffeners which prevent it. In this type of construction the high 
shear loads at the ends of the beam and concentrated loads are 
transmitted to the supports by the web working in shear. The 
sides of boxears with heavy side sheets or stiffened thin side 
sheets are girders of this type. 

Other plate girders, for example, those utilized in airplane con- 
struction, are not designed to carry the entire load to the support 
by the shear in the web. A part of the load is carried as shear in 
the web, and the additional load causes the formation of buckles 
which permit the web plate to work as a diagonal tension tie. 
Any stiffeners then act as struts and the load is transmitted as in 
a truss. The load at which the flat form of equilibrium becomes 
unstable and the plate begins to buckle is known as the critical 
load. 

The load at which buckle formation begins is dependent on 
the web thickness and the stiffener strength and spacing. The 
critical shear or compressive load is proportional to the flexural 
rigidity of the plate. The resistance to buckling can therefore 
always be increased by increasing the thickness of the plate, but 
such a design will not be economical in respect to the weight of 
material used in deep girders such as boxcar sides. It is gener- 
ally more economical to keep the side sheets as thin as possible 
and provide the necessary stability by utilizing posts and longi- 
tudinal lapped ribs at stiffeners. The weight of the longitudinal 
ribs will usually be much less than the additional weight required 
to provide a plate of adequate thickness. 

All boxcar sides must have vertical stiffeners in the form of 
posts to resist bulging and for other practical reasons. If longi- 
tudinal ribs are also used in conjunction with the posts, they must 
be so located and of such dimensions to prevent buckling of the 
web. When posts only are used for stiffeners it is possible for 
buckles to form, allowing the girder to work as a truss as previ- 
ously mentioned, but if adequate longitudinal ribs are introduced 
the buckle cannot pass the rib without bending it. Thus the 
girder has been broken up into rectangular panels bounded by 
the posts and longitudinal ribs. If the reinforcements are of the 
lapped-rib variety, it is possible to get the advantage of longi- 
tudinal stiffeners and at the same time have the safety factor of 
being able to go into a tension field if for some reason the unit 
buckling stress is exceeded. In designing a girder using thin flat 
sheets or thin sheets stiffened with lapped ribs, a low factor of 
safety in the neighborhood of 1.5 to 1.25 can be used because 
buckling of the sheets does not mean immediate failure of the 
structure since the sheet can go into a diagonal tension field. 
This will be accompanied by excessive deflection, but the struc- 
ture will not collapse. 

The determination of the spacing of stiffeners, and the size of 
stiffeners, for a given thickness of web must be based on a 
study of the elastic stability of the web plate. An excellent dis- 
cussion of the rational theory of buckling of thin plates is given 
by S. Timoshenko,’ and the following theory is credited to him. | 

3 ‘Theory of Elastic Stability,” by S. Timoshenko, McGraw-Hill 
Book Co., Inc., New York, N. Y., 1936, pp. 324-418. 
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Near the supports of a beam the shearing force is the most im- 
portant factor, and the part of the web between the stiffeners 
may be considered as a rectangular plate subjected to the action 
of uniform shear, Fig. 2. 

In order to facilitate the discussion of the elastic stability of 
thin webs and stiffened thin-webbed girders the following ele- 
mentary relationships can be stated. The flexural rigidity of a 
beam or rib is 


B = El 
and the flexural rigidity of a plate is 


Eh} 
D= 


where £ is the modulus of elasticity, I is the moment of inertia, 
h is the plate thickness, and V is Poisson’s ratio. 

In the stiffening of simply supported rectangular plates under 
shearing stresses two cases will be considered, as follows: 

1 A simply supported rectangular plate subjected to the ac- 
tion of uniformly distributed shearing stresses, and stiffened by 
one rib bisecting the plate as shown in Fig. 3. It is known that 
if the rigidity of the stiffener is not sufficient, the inclined waves 
of the buckled plate run across the stiffener, and buckling of the 
plate is accompanied by bending of the rib. By subsequent in- 
creases of the rigidity of the rib a condition is reached in which 
each half of the plate will buckle as a rectangular plate of dimen- 
sion a/2 by b with simply supported edges, and the rib will re- 
main straight. The corresponding limiting values of the flexural 
rigidity B of the rib can be found from the consideration of strain 
energy of bending of the plate and of the rib. Values of the ratio 
+ of the required rib flexural rigidity to the rigidity Da, of the 
plate if bent into a cylindrical surface are given in Fig. 4. 

2 Asimply supported rectangular plate of length a and width 
b submitted to the action of uniformly distributed shearing 
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stresses and divided by two stiffeners into three equal portions a/3 
by b. Values of the ratio y of the required rib flexural rigidity 
to the rigidity, Da, of the plate are given in Fig. 5. 

After the value of y for any specific case is determined from 
either Fig. 4 or Fig. 5 the required rib flexural rigidity is given 
by the relationship 

B = yDa 


The critical shearing stress for any panel formed by such 
stiffeners of adequate flexural rigidity can then be determined 
by the formula 


b? wE h? 
te = | 5.35 + 4 be 


in which h is the sheet thickness, E is the modulus of elasticity, 


V is Poisson’s ratio and 6 and d are the dimensions of the panel as 
indicated in Fig. 2. 
Test Procepure 

All of the test panels were fabricated with identical posts, side 
plates, and side-sill upper elements. The panels tested were 
subjected to a shear load as shown in Fig. 6, applied with a 
geared jack, and measured with a 0 to 50,000-lb dynamometer. 
The panels were loaded until attempts to apply additional load 
resulted only in additional strain of the test panel. 

The experimental determination of the exact critical shearing 
load of a sheet or plate is rather difficult. Theoretically, the 
critical load is the load at which the flat form of equilibrium be- 
comes unstable and the plate begins to buckle. The exact load at 
which this occurs is not easily determined. To facilitate the de- 
termination of the critical shearing loads of the panels tested 
the side sheets were carefully observed, and it was noted that in the 
cases where the panels failed due to buckling of the side sheets, 
the load was taken by the panels with some lateral movement of 
the sheet, such as straightening of buckles initially present due to 
welding, and then a load was reached at which buckles with a 
definite pattern were formed. The load at which the latter oc- 
curred was considered the critical shearing load. 

Panel No. 1. This test panel, which consisted of a long narrow 
15-gage sheet, stiffened only by the posts, is shown in Fig. 6, the 


Dynamometer O*-50,000°* Gear Jack 


Loop Inserted Thru Holes 
In Side Sill Element & Welded 
To Web of” Post. 


Hold down 
Clamp @ Stop 


Top Of Planer Table 
34 Dia Pipe -both Ends 


Hold down Clamp 


Fig. 6 


posts being stiff enough to resist bending when the sheet buckled. 
The critical shearing stress can be obtained by considering a 
panel as shown in Fig. 2, with b = 28 in., and d = 1135/s in. 
Applying Equation [1], the critical shearing stress is 870 psi. 
The effective shear area, consisting of the vertical portion of side 
plate, the vertical portion of the upper element, and side sheet, 
is 10.63 sq in. Thus the critical shearing load is 


The actual test critical shear load of this panel was 12,000 Ib. 

Panel No. 2. This test panel, consisting of a side section with 
15-gage side sheets, and two lapped, longitudinal ribs, is shown in 
Fig. 7. The flexural rigidity of 15-gage sheet is 827 Ib-in. 

This test section can be considered as having two ribs dividing 
the plate into panels with dimensions a/3 and b, where a = 1135/s 
in. and b = 28 in. Thus a/b is 4.06. From Fig. 5, y = 0.37. 
Thus the required rib flexural rigidity is 


B = 0.37 Da = 0.37 (827 X 113.625) = 34,750 lb-sq in. 
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Fig. 9 


A cross section of the longitudinal rib is given in Fig. 8. The 
flexural rigidity of the rib is 466,000 Ib-sq in. Thus it is apparent 
that the section would fail by buckling of the sheet in panels 
bounded by the posts and the longitudinal ribs, with b = 28 in., 
and d = 37!/2in., Fig. 2. The critical shearing stress is, by Equa- 
tion [1], 1178 psi. The effective shear area, consisting of the 
vertical portion of side plate, the vertical portion of the upper 
element, and the side sheets is 11.14 sq in. Thus the critical 
shearing load is 


Qer = 11.14 XK 1178 = 13,150 Ib 


The actual test critical shear load of this panel was 16,500 lb. 

Panel No. 3. This test panel was the same panel used for 
panel No. 2 which has just been discussed, with the addition of 
vertical stiffeners as shown in Fig..9. This section can be con- 
sidered as divided into panels bounded by the longitudinal ribs, 
the vertical posts, and vertical stiffeners. 

For determination of the required longitudinal rib flexural 
rigidity a unit section with two stiffeners can be considered. The 
stiffeners divide the unit section into three panels with dimen- 
sions a/3 and b; where a = 1135/gin. and b = 14in. Thus a/b 
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is 8.12.) From Fig. 5 it can be seen that the value of y is even 
less than that for test No. 2 which did not utilize a vertieal stil- 
fener. Thus the required rib flexural rigidity is less than 34,750 
Ib-sq in. and since the flexural rigidity of the actual longitudinal 
rib, Fig. 8, is 466,000 lb-sq in., it is apparent that the longitudi 
nal rib is sufficiently rigid. Therefore the sheet will buckle with- 
out. bending the longitudinal ribs. 

In order to determine the flexural rigidity of the vertieal stif- 
fener required to prevent bending of the stiffener when the plate 
buckles, a unit panel with one stiffener can be considered js 
shown in Fig. 3, with a = 28 in. and b = 37'/2in. Thus the 
ratio a/b is 0.747. From Fig. 4, y is 30. This value of y was 
taken from the broken-line portion in Fig. 4. The dotted portion 
o this curve is merely an extension of the data given by Timo- 
shenko’ and should be accepted only as an approximation, Con- 
sidering y as 30, the required vertical-stiffener flexural rigidity is 


B = 30 Da = 30 X 827 X 28 = 695,000 lb-sq in. 


A cross section of the 20-gage vertical stiffener is given in Fig. 
10. 

Since the flexural rigidity of this vertical stiffener is only 371,000 
Ib-sq in, it is apparent that the vertical stiffener will bend when 
the sheet buckles. 


In order to approximate the critical shearing load for this panel, 
the critical shearing load of a panel divided as shown for the test 
panel, but with a vertical stiffener of sufficient rigidity, will be 
considered. This hypothetical panel can be considered as di- 
vided into panels such as that shown in Fig. 2, with b = 14 in. 
and d = 37'/;in. For such a panel the critical shearing stress is, 
by Equation [1], 3685 psi. The effective shear area is the same 
as that for test panel No. 2; that is, 11.14 sq in. The critical 
shearing load is therefore. 


Qer = 11.14 XK 3685 = 41,100 Ib 


However, as previously stated, the vertical stiffener used for 
this test was not rigid enough to resist bending when the sheet 
buckles. Failure would therefore occur at some load between 
the critical shearing load obtained for panel No. 2, which con- 
sisted of the same panel without a vertical stiffener, and the 
critical shearing load of the hypothetical panel discussed which 
had a sufficiently rigid vertical stiffener. It will be assumed that 
the additional load-carrying capacity due to the application of 
the vertical stiffener is in proportion to the ratio of the flexural 
rigidity of the rib to the required rigidity of the rib. Thus on the 
basis of this crude assumption, the critical shearing load for panel > 
No. 3 is 

371,000 


Qe = 13,150 + ——— (41,100 


13,150) = 28,070 Ib 
695,000 


The actual test critical shear load of this panel was 36,000 lb. 
Panel No. 4. This test panel, utilizing 14-gage side sheets and 
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This side 
section was used on a large number of cars constructed by The 
Milwaukee Road. 

The flexural rigidity of 14-gage (0.075-in.) sheet is 1160 [b-in. 

To determine the required longitudinal rib flexural rigidity to 
cause the panels bounded by the posts and longitudinal ribs to 
buckle without bending the ribs, a unit panel with one stiffener, 
Fig. 3, witha = 313/ in. and b = 28 in., can be considered. The 
ratio a/b is 1.133 and from Fig. 4, y is 9.15 

The required rib flexural rigidity is therefore 


six longitudinal lapped stiffeners, is shown in Fig. LL. 


9.15 Da = 9.15 K 1160 X 31.75 337,000 Ib-sq in. 


If a unit panel, having two stiffeners, is considered having a 
47°/, in. and b = 28 in., the ratio a/b is 1.703, and from Fig. 
is 6.80. 

The required ib flexural rigidity is therefore 


3d, 


B = 6.80 Da = 6.80 X 1160 X 47.625 = 376,000 Ib-sq in. 


Thus on the basis of a unit section with one stiffener, the re- 
quired stiffener flexural rigidity is 337,000 Ib-sq in. while for a 
unit section with two stiffeners, the required stiffener flexural 
rigidity is 376,000 Ib-sq in. It can be seen that the required rib 
rigidity increases slightly as the number of stiffeners increases. 
Timoshenko* does not extend the theory regarding the required 
rib rigidity beyond the case of a panel with two stiffeners. How- 
ever, for practical cases it will be assumed that the required stif- 
fener flexural rigidity will not be larger than 1.5 times that for a 
panel with one stiffener. Thus a well-proportioned rib for this 
test panel should have a rigidity of approximately 


B = 1.5 X 337,000 = 505,500 Ib-sq in. 


A cross section of the actual rib used on this test panel is given 
in Fig. 1. The flexural rigidity of this stiffener is 689,000 Ib- 
sq in. The stiffener is therefore conservatively designed, and it 
is apparent that the panel would fail due to buckling of the sheet 
in panels with b = 157/, in. and d = 28 in., Fig. 2. Thus the 
critical shearing stress is, by Equation [1], 4020 psi. The effec- 
tive shear area, consisting of the vertical portion of side plate, 
the vertical portion of upper element, and the side sheets, is 13.86 
sq in. and the eritical shearing load is therefore 


Qee = 13.86 K 4020 = 55,700 Ib 


The actual test critical shear load of this panel was not de- 
termined as the posts buckled due to compression at 43,000 Ib 
without buckling the side sheets. 

Panel No. 5. This test panel, utilizing 14-gage side sheets, is 
shown in Fig. 11. The panel is stiffened with six lapped longi- 
tudinal ribs smaller than those employed for panel No. 4. Since 
the spacing of posts and longitudinal ribs is the same for this 
panel as for panel No. 4, the required longitudinal rib flexural 
rigidity based on a unit panel with one stiffener is the same as 
that for panel No. 4, that is, 337,000 Ib-sq in. As stated in the 
discussion of test No. 4 for practical cases with several stiffeners, 
it is advisable to make the stiffener about 1.5 times the rigidity 
required on the basis of a calculation for a unit panel with one 
stiffener, that is, 505,500 lb-sq in. for this panel. 

A cross section of the lapped longitudinal stiffener used for 
this test is given in Fig. 8. The flexural rigidity is 510,000 Ib- 
sqin. This stiffener i therefore well designed, and it is apparent 
that the longitudinal rib will not bend when the sheet buckles. 
The sheet will therefore buckle in panels bounded by the posts 
and longitudinal ribs with b = 157/s in. and d = 28 in., Fig. 2. 
This is the same as for panel No. 4, and the critical shearing stress 
based on Equation [1] is again 4020 psi. The effective shear 
area, consisting of the vertical portion of side plate, the vertical 


565 
portion of upper element, and the side sheets, is 13.20 sqin. Thus 
the critical shearing load is 

Qe = 


The actual test critical shear load of this panel was not deter- 
mined as the posts buckled due to compression at 43,000 Ib with- 
out buckling the side sheets. 


13.20 X 4020 = 53,000 Ib 


Panel No. 6, This side section, Fig. 11, with six lapped longi- 
tudinal stiffeners of the cross section shown in Fig. 12, was used 
on 1000 boxears recently built at the Milwaukee shops. The side 
sheets were of 15-gage thickness. 
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To determine the required longitudinal-stiffener flexural rigid- 
ity, consider a unit panel with one stiffener, Fig. 3, with a = 
315/,in. and b = 28in. Thus the ratio a/b is 1.133 and from Fig. 
4, y is 9.15. Since the flexural rigidity of 15-gage sheet is 827 lb- 
in. the required longitudinal-stiffener flexural rigidity for a unit 
panel with one stiffener is 


B = 9.15 Da = 9.15 (827 X 31.75) = 240,000 lb-sq in. 


As previously stated, a suitable stiffener for a panel with a mul- 
tiple number of stiffeners should have a flexural rigidity of ap- 
proximately 1.5 times that required for a unit panel with one 
stiffener. Thus a stiffener for this panel should have a flexural 
rigidity of 360,000 lb-sq in. A cross section of the 15-gage longi- 
tudinal stiffener used for this test panel is shown in Fig. 12. The 
flexural rigidity of this stiffener is 376,800 lb-sq in. Thus the 
stiffener is well designed and the sheet will buckle in panels with 
b = 157/sin. andd = 28in., Fig. 2. The critical shearing stress is, 
by Equation [1], 3210 psi. Since the effective shearing area, 
consisting of the vertical portion of the side plate, the vertical 
portion of the upper element, and the side sheets, is 12.27 sq in., 
the critical shearing load is 


Qer = 12.27 XK 3210 = 39,400 lb 
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TABLE 1 


TRANSACTIONS OF THE A.S.M.E. 


OCTOBER, 1945 


SUMMARY OF TESTS AND CALCULATIONS 


Weight Analytical 
Weight saved critical 
Analytical Maximum Critical of carset over shear load 
critical load shear of sheets 0.100-in. carried Factor 
Panel Description shear load, applied, load, Cause of (40 ft6in. sheets, per lb of 
no, of panel Ib Ib Ib failure box), Ib Ib of sheet safety“ Remarks 
1 15-gage flat unstiff- 9250 28000 12000 Buckling of sheet 1835 900 5.03 0.44% Load carried beyond 
ened side section due shear 12,000 Ib due to 
development of 
tension field 
2 15-gage side section 13150 25000 16500 Buckling of sheet 1876 859 7.02 0.63> Load carried beyond 
with two lapped due shear 16,500 Ib due to 
longitudinal stiff- development of 
eners tension field 
3 Same as panel no. 28070 43000 36000 Bending of verti- 2066 669 13.57 1.34 Shear buckle waves 
2 with a 20-gage cal stiffener in sheet crossed 
vertical stiffener and buckling and bent vertical 
sheet stiffener 
4 14-gage side section 55700 43000 Not reached Buckling of post 2495 240 22.30 2.65 
with 6 lapped ue to com- 
longitudinal stiff- pression 
eners 
5 14-gage side section 53000 43000 Not reached Buckling of post 2350 385 22.55 2.52 
with 6 lapped due to com- 
longitudinal stiff- pression 
eners 
6 15-gage side section 39400 Not tested Not tested Not tested 2135 600 18.45 1.88 
with 6 lapped 
longitudinal stiff- 
eners 
7 16-gage side section 29050 Not tested Not tested Not tested 1910 825 15.20 1.38 
with 6 lapped 
longitudinal stiff- 
eners 
8 0.100-in. flat, un- 28050 Not tested Not tested Not tested 2735 000 10.25 1.33 
stiffened side sec- 
tion 


* Using 21,000 as the maximum shear load at bolster panel. 
6 Structure would not collapse due to development of tension fields. 


This panel was not tested. 

Panel No.7. This side section is exactly the same as panel No. 
6 with the exception that the side sheets were 16 gage. The re- 
quired longitudinal stiffener flexural rigidity can again be de- 
termined on the basis of a unit panel with one stiffener, Fig. 3, 
with a = 315/,in. and b = 28in. Thus the ratio of a/b = 1.133, 
and from Fig. 4, y is 9.15. Since the flexural rigidity of 16-gage 
sheet is 594 lb-in., the required longitudinal flexural rigidity for a 
unit panel with one stiffener is 


Da = 9.15 (594 X 31.75) = 172,800 lb-sq in. 


As previously stated, the flexural rigidity of a stiffener for a 
panel with a multiple number of stiffeners should be approxi- 
mately 1.5 times that for a unit panel with one stiffener. Thus 
for this panel the longitudinal stiffener should have a flexural 
rigidity of 259,200 Ib-sq in. The flexural rigidity of the 16-gage 
stiffener shown in Fig. 12 is 346,500 lb-sq in. Thus it is appar- 
ent that the sheet will buckle in panels with b = 157/gin. andd = 
28 in., Fig. 2, and the critical shearing stress is, by Equation [1], 
2575 psi. Since the shearing area, consisting of the vertical por- 
tion of the side plate, the vertical portion of the upper element, 
and the side sheets, is 11.29 sq in., the critical shearing load for 
this panel is 


Qer = 11.29 XK 2575 = 29,050 lb 


This panel was not tested. 

Panel No. 8. This side section consists of a flat, unstiffened 
0.100-in. side sheet and is shown in Fig. 6. The critical shearing 
stress of such a panel can be obtained by considering a panel 
as shown in Fig. 2, with b = 28 in. and d = 1135/,in. Applying 
Equation [1], the critical shearing stress is 1938 psi. Since the 
effective shear area, consisting of the vertical portion of the side 
plate, the vertical portion of the upper element, and the 
side sheets, is 14.45 sq in., the critical shearing load is 


Qer = 14.45 X 1938 = 28,050 Ib 


This panel was not tested. 


As previously stated, all of the panels tested were loaded until 
attempts to apply additional load resulted only in additional 
strain of the test panel. This additional strain consisted of rais- 
ing higher sheet buckles in tests Nos. 1 and 2; raising higher 
sheet buckles and bending vertical stiffeners in test No. 3, and 
buckling the posts in tests Nos. 4 and 5. 


CONCLUSIONS 


In an actual car side a great deal more load beyond the critical 
shearing load can be carried by development of tension fields. 
Such a tension field is, of course, accompanied by extremely high 
deflections. These high deflections result in rotation of the door- 
post by the side sill and development of high fixed end moments 
which often result in failure of the doorposts or doorpost at- 
tachments in cars with unstiffened side sheets. 

The panels tested in tests Nos. 4 and 5 failed at 43,000 Ib, due 
to compressive buckling of the side posts; in actual car construc- 
tion the shear load is transmitted to the bolster by two posts, and 
hence a load of 86,000 lb would be required to buckle the posts. 
Since the actual maximum shear load at the bolster of a 50-ton 
box or automobile car is 21,000 to 22,000 lb, the post-buckling 
factor of safety is approximately 4. 

The test and analytical results are in reasonably good agree- 
ment. The analytical critical shearing loads for the panels which 
failed due to buckling of the side sheets, are in all cases lower 
thar the actual test critical shearing loads. A part of this dif- 
ference is undoubtedly due to Vierendeel-truss action of the 
frame consisting of the upper element, ‘the side posts, and the 
side plate. It is apparent that a panel designed by the equations 
discussed in this paper would be suitable for the design loads. 

The longitudinal stiffeners were, in all cases, sufficiently large. 
The longitudinal ribs for test panel No. 2 were, in fact, much 
larger than necessary as a very small stiffener would have been 
sufficiently rigid to remain straight while the sheet buckled. It 
is, however, advisable to make stiffeners more rigid than ab- 
solutely necessary, as a panel with ribs with less than the required 
flexural rigidity would develop tension fields which may be a¢- 
companied by permanent bending of the ribs. 
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An examination of the test results indicates that test panel 
No. 1 with a flat unstiffened 15-gage side sheet had a critical 
shear load of 9250 lb. Panel No. 2 with 15-gage side sheets and 
two longitudinal stiffeners had a critical shear load of 13,150 Ib; 
and panel No. 6 with 15-gage side sheets and six longitudinal 
stiffeners had a critical shear load of 39,400 lb. Thus the appli- 
cation of two stiffeners increased the carrying capacity of the 15- 
gage sheet only 3900 Ib, while the application of six well-designed 
ribs increased the carrying capacity 30,150 lb. Therefore it is 
apparent that a hit-or-miss application of ribs is not necessarily 
of great advantage and that a girder, stiffened with ribs, must be 
carefully designed. 

I:xamination of the summary in Table 1 indicates that panel 
No. 5 is the most efficient panel from the standpoint of critical 
shearing load carried per pound of sheet. However, the load- 
carrying capacity of this panel is far greater than that required 
for a 50-ton boxear, and for economic reasons either panel No. 
6 or panel No. 7 is more desirable. While panel No. 6 has a factor 
of safety of 1.88 which is higher than required, the added sheet 
thickness would increase the time required for corrosion to affect 
seriously the factor of safety. 

The critical shearing stresses for all of the test panels were low 
in comparison to the elastic limit of low-carbon steel. The maxi- 
mum critical shear stress encountered was the 4000 psi for test 
panels Nos. 4 and 5, Test panels Nos. 4, 5, 6, and 7 are well de- 
signed, and it would be uneconomical to stiffen a panel of the 
thickness encountered in boxear construction to the extent re- 
quired to raise critical shearing stress to that permitted by ma- 
terial strength, although the load-carrying capacity of any of 
these panels could have been substantially inereased by further 
With a given stiffener spacing, the carrying capacity 
of a panel is proportional to the flexural rigidity of the sheet. 
Since the flexural rigidity is practically independent of the com- 
position of the steel and is primarily dependent on the plate 
thickness, the critical shearing load of the panels is not increased 
by the utilization of high-tensile material. 


stiffening, 


Discussion 


O. W. Hovey.* We are grateful to the authors for presenting 
this paper, and to Dr. Nystrom for authorizing the tests which it 
The ribbed sides of The Milwaukee Road cars have 
been the subject of much observation and comment, and this 
paper shows that their use is based on sound structural theory. 

The paper points out the increased resistance to buckling ob- 
tained by the addition of the longitudinal ribs, and the consequent 
increase in rigidity of the car sides. It also mentions that the 
ultimate safety of the structure depends on the ability of the 
sheets to act in diagonal tension, which safety factor is retained 
by the effective continuity of the sheets across the lapped joints. 
By introducing longitudinal lapped ribs in the sheets, the posts 
can be spaced farther apart, or thinner sheets can be used, with 
consequent reductions in over-all weight. In fact, with this 
method of construction, the sheets could be considerably thinner 
than those now applied to The Milwaukee Road cars. 

In figuring the required section of the stiffening ribs, some 
method must be assumed for evaluating the loads which they 
carry, and thus determining their size. A convenient method is 
to assume that the shear on the car side at any vertical section 
is earried by a number of individual panels equal to the number of 
ribs plus one. As the shear in each of these subpanels has the 
same value vertically and horizontally, a horizontal traction oc- 
curs in opposite directions along the two edges of the rib, As- 


describes, 


‘Development Engineer, Alloys Development Company, Pitts- 
burgh, Pa. Mem. A.S.M.E. 


suming one side to be in tension and the other in compression, the 
rib may be figured as a column elastically restrained by its ten- 
sion side. It has been found that by applying one half of the 
shear in the subpanel as a column load on the stiffener, a rib of 
proper size to prevent buckling will be obtained. It should be 
noted that this load is applied with an eccentricity equal to the 
distance from the center of the sheet to the neutral axis of the 
rib. In figuring the properties of the rib, a portion of the sheet 
is included, the width of this strip being somewhat less than 
would act without buckling, at the assumed compression unit 
stress on the rib. 

The authors suggest that with the sheet thicknesses and sizes of 
ribs used in the tests, carbon steel would have resisted the buck- 
ling forces as well as high-strength steel. This is true for buckling 
considerations alone, because elastic-stability values are based 
upon the modulus of elasticity of the material. It does not hold, 
however, for ultimate values, because the strength of the rib as a 
column is a function of the yield strength of the material, and the 
ultimate shear value of the car side in diagonal tension is a func- 
tion of the ultimate strength of the material. Thus the high- 
strength steels afford an increased safety factor, or with their su- 
perior corrosion resistance permit lighter sections without any 
sacrifice in the life expectancy of the car structure. 


AuUTHOR’s CLOSURE 


The authors wish to thank Mr. Hovey for his discussion and 
for the assistance he has rendered over a period of years during 
the development of the car sides described in this paper. 

Mr. Hovey suggests that the stiffening ribs be considered as 
columns ecentrically loaded with the shear load on one side as a 
uniformly distributed compressive load and the shear load on the 
other side as an elastie restraint. The shear load on each side of 
the rib is the total vertical shear load carried by the side times 
the reciprocal of one plus the number of stiffening ribs. Since all of 
the side panels described in this paper are to be designed to carry 
the same vertical shear load it is apparent that the stiffeners for 
panel No. 2 with two stiffeners must, according to the method 
suggested by Mr. Hovey, carry seven thirds of the load carried 
by the stiffener on panel No. 6 with six stiffeners. Thus it ap- 
pears that panel No. 2 requires a larger stiffener than panel No. 6. 
This is not in agreement with the results obtained by the method 
given by S. Timoshenko’ which is described and applied in the 
paper. According to the method given by Timoshenko the 
stiffener required for Panel No. 2 must have a flexural rigidity of 
only 34,750 Ib-sq in. while that for panel No. 6 must be 360,000 
lb-sq in. Since the test results are in reasonably good agree- 
ment with the theoretical analysis presented by S. Timoshenko 
the authors cannot accept the method of designing stiffeners 
suggested by Mr. Hovey as reliable. The authors believe that 
if the shear load on one side of the stiffener is considered as a 
uniformly distributed compressive load on the stiffener as a col- 
umn, the shear load on the other side of the stiffener which is 
opposite in direction and equal in magnitude unloads the col- 
umn rather than provides an elastic restraint. Therefore, the 
authors recommend that the procedure presented by S. Timo- 
shenko,’ and outlined in the paper, be used for determining the 
proper size of stiffeners. 

The car side section used on The Milwaukee Road is designed 
to carry the car load limit without buckling of the side sheet and 
development of tension ties; this keeps the deflection from becom- 
ing excessive. However, as stated by Mr. Hovey, a stiffened side 
section with considerably thinner side sheets than those used on 
The Milwaukee Road could be designed to carry the required 
load by permitting the formation of tension ties and the strength 
of such a side would be dependent upon the yield strength of the 
side sheet material. 
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Creep and Relaxation in Rubber Products 
Elevated Temperatures 


By R. D. ANDREWS,’ R. B. MESROBIAN,! AND A. V. TOBOLSKY! 


The studies reported of creep and relaxation at elevated 
temperatures suggest possible methods of evaluating de- 
teriorative changes occurring in rubbers. Involving inter- 
mittent and continuous relaxation and creep measure- 
ments, the new methods seem to be readily amenable to 
molecular-structural interpretations. The practical value 
of these measurements, apart from their usefulness in 
fundamental scientific research, is apparent in cases 
where service deterioration occurs as a result of creep or 
relaxation. The usefulness and importance of these 
measurements of creep, relaxation, and modulus are not 
limited to the measurement of high-temperature oxidative 
deterioration in rubbers. The simple way in which they 
are related to molecular changes in the material being 
studied should make them very valuable in the study of 
physical changes in polymeric materials in general, such 
as cold flow of plastics, drift of rubbers, low-temperature 
stiffening, permanent set, etc. 


HE creep of rubber products under conditions of con- 
Tsien load and their relaxation of stress under conditions 

of constant extension are interesting and important 
problems in themselves in many applications involving the use 
of natural and synthetic rubbers at elevated temperatures. In 
addition, recent studies of creep and relaxation at elevated 
temperatures suggest a new approach to the problem of evaluat- 
ing the deteriorative changes occurring in rubbers. Although 
conventional aging tests such as the oxygen-bomb test and the 
Geer oven test have proved their value as standardization 
methods, the results of these tests are rather difficult to interpret 
on the basis of fundamental physicochemical concepts. Inter- 
mittent and continuous relaxation and creep measurements, 
on the other hand, seem to be readily amenable to molecular- 
structural interpretations. 


EXPERIMENTAL METHODS 


The apparatus used for measurements of relaxation of stress at 
constant elongation and also of changes of modulus with time 
(“intermittent relaxation”) has been described in a previous 
paper,? in which illustrations of the apparatus (which was con- 
structed by the Firestone Physics Research Division) are also 
shown. In principle the apparatus is simply a small beam bal- 
ance; the rubber samples, which are flat rings (2''/i. in. OD, 
2°/1s in. ID) died out of cured sheet approximately 0.040 in. 
thick, are looped around a pulley attached to the short end of the 
balance beam and are extended from outside the temperature 


PY iene Chemical Laboratory, Princeton University, Princeton, 


“Stress Relaxation of Natural and Synthetic Rubber Stocks,” 
by A. V. Tobolsky, I. B. Prettyman, and J. H. Dillon, Journal of 
Applied Physics, vol. 15, 1944, p. 380. Reprinted in Rubber Chem. 
Technology, vol. 17, 1944, p. 551. 

Contributed by the Rubber and Plastics Division and presented 
at the Annual Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944, of 
Tue American Socrery or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


Continuous 


Intermittent 


Fic. 1 Creep APPARATUS 


box. The moment exerted by the stretched rubber band on the 
short lever arm is balanced by suspended weights and a rider 
on the other arm of the beam. During the experiment the 
length of the stretched band is maintained constant to within 
0.2 per cent, because the long lever arm is allowed to swing over 
only a small angle on either side of the horizontal position. 

Measurement of the change of modulus with time can also 
be made with this apparatus, and these studies have been called 
“intermittent relaxation’’ studies inasmuch as the measurements 
are made in exactly the same way as the measurements of con- 
tinuous relaxation of stress, except that the sample is elongated 
to the fixed length only momentarily at the time of a measure- 
ment, remaining unstretched at all other times.* 

Measurements of the creep of samples supporting a constant 
load are made in a very simple way. A frame, shown in Fig. 1, 
is used, which has four pulleys attached along a crossbar at the 
top. The samples used are smaller rings (17/s in. OD, 11/2 in. 
ID) died from the same cured sheets as the rings used in the 
relaxation measurements. Pulleys engage the bands at the bot- 
tom also and support the weights which are hollow, cylindrical, 
copper cans whose weight is adjusted by filling with lead shot. 

The samples are extended between sections of meter stick 
which are held vertically from the top crossbar. Two pairs of 
phonograph needles are set diametrically into the lower pulley 
and bracket the adjacent meter sticks, thus serving to indicate 
the elongation as well as to keep the samples in position. 


* The change of modulus with time can also be measured on creep 
apparatus (“intermittent creep”), by applying the load to the 
sample only at intervals when a reading is taken, by the method 
shown in Fig. 1. This method is in general not as convenient as the 
“intermittent relaxation” method, however. 
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THEORETICAL RELAXATION OF SrrEss 


According to modern structural concepts, soft vulcanized rub- 
bers are three-dimensional networks of long-chain molecules 
cross-linked by chemical bonds introduced during the vulcaniza- 
tion. The portions of the network between contiguous cross- 
linking juncture points are known as network chains. The 
changes that occur in the properties of rubber due to the effects 
of heat and exposure to air and light are collectively known as 
aging. It has been repeatedly demonstrated that aging must 
be considered a chemical reaction occurring in the presence of 
oxygen. For this reason the rubber bands used in these stud- 
ies were made sufficiently thin to allow a homogeneous pene- 
tration of oxygen. 

The results of the studies of continuous and intermittent re- 
laxation and creep have demonstrated that two competing reac- 
tions are responsible for the deteriorative changes occurring in 
rubbers. One of these reactions is a scission of the network 
chains of the rubber and the other is a cross-linking reaction. 
Both these reactions must be intimately related inasmuch as 
they occur with comparable rates over the entire temperature 
range. This fact suggests that the activation step for both 
reactions may well be the same. 

The measurement of relaxation of stress at constant extension 
at elevated temperatures provides a means of isolating the scis- 
sion reaction inasmuch as cross-links tend to form between 
molecules which are in a relaxed position and so have no effect 
on the stress. The decay of stress is presumed to be due to 
the cutting of some chemical bond in the network chains. Ac- 
cording to the most satisfactory theory of rubber elasticity yet 
available, the stress is proportional to the concentration of net- 
work chains (or to the concentration of cross-linkage) in the 
rubber, and so the rate of decay of stress is proportional to the 
rate of chain scission. 
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Fig. 2 shows the results of stress-relaxation studies on five 
different types of rubber. The experiments were carried out 
at 100 C, and 50 per cent elongation. The ordinate is stress at 
any given time divided by initial stress, and the abscissa is 
logarithmic time. For purposes of comparison the same data are 
replotted in different ways in Figs. 3 and 4. 

It is clear from these figures that the different polymers are 
characterized by quite different relaxation curves. The order of 
rate of relaxation from the fastest to the slowest is as follows: 
Neoprene, Hevea, Butyl, Butaprene N, GR-S. 


The other facts concerning the relaxation curves are: 


1 The rate of relaxation can be slowed a thousandfold by 
careful exclusion of oxygen. 
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2 The relaxation curves are relatively independent of elonga- 
tion up to high elongations. 

3 The relaxation curves are not markedly altered by the 
presence of carbon black in the vulcanizate. In certain cases 


the presence of carbon black has a slight accelerating effect 
(see Fig. 5); in Neoprene, however, the presence of carbon black 
decreases the relaxation rate. 
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4 The relaxation curve for Hevea gum follows a simple ex- 
ponential decay law. The relaxation curves for other polymers 
can be fitted by a sum of exponential decay terms. 

5 The effect of temperature on the rate of relaxation obeys 
the Arrhenius law for chemical reactions, namely 


wher@ k’ is the specific rate, HZ is the energy of activation, and A 
the so-called frequency factor. Fig. 6 shows the dependence of 
the relaxation curve on temperature for Hevea gum. The 
calculated energy of activation for relaxation turns out to be 30.4 
keal in this case. 

6 The effect of the type of vulcanization (e.g., sulphur versus 
sulphurless cures) is not as important a factor in the stress-re- 
laxation curve as the polymer type. 


TIME , (hours) 


0 ie 20 30 40 50 60 70 


Fic. 6 Errect or TEMPERATURE ON CoNnTINUOUS RELAXATION 


Rate, Hevea Gum, 50 Per Cent ELONGATION 


7 The presence of certain antioxidants in the vulcanizate 
definitely retards the rate of relaxation. 


SrupteEs oF INTERMITTENT RELAXATION 


Figs. 7 and 8 show the results of so-called intermittent re- 
laxation of stress measurements on Hevea and GR-S gum and 
tread vuleanizates at 130 C. As previously noted, these meas- 
urements are nothing more than periodic measurements of the 
50 per cent modulus and are plotted in Figs. 7 and 8, in terms 
of stress at time ¢ divided by stress at zero time. It is to be 
noted that the intermittent relaxation curve for Hevea shows 
that the modulus initially decreases. In certain experiments 
where the rubber bands did not rupture, this initial decrease 
was followed by a subsequent increase. In the case of GR-S, Fig. 
8 shows that the modulus increases with*ime. In these experi- 
ments Butyl rubber shows a continuous modulus decrease, 
whereas Neoprene and Butaprene N, like GR-S, show a con- 
tinuous modulus increase. 

In terms of molecular concepts, the change of modulus with 
time measures the “net rate” of cross-linking and scission. For 
this reason the intermittent relaxation curve never decreases 
88 rapidly as the continuous relaxation curve even when scission 
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Fic.7 Continuous AND INTERMITTENT STRESS RELAXATION, HEVEA 
Srocks, 130 C, 50 Per Cent ELONGATION 
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Fig. 8 Continuous AND INTERMITTENT STRESS RELAXATION, GR-S 
Stocks, 130 C, 50 Per Cent ELonGATION 


is predominant as in the case of Butyl and Hevea. The rise ot 
modulus with time in the cases of GR-S, Butaprene N, and Neo- 
prene indicates of course that in these rubbers cross-linking is 
taking place more rapidly than scission. 
CREEP STUDIES 
Figs. 9 and 10 show the results of creep studies on Hevea gum 
at 120 C. Here the creep data are plotted in the form of per 
cent elongation as a function of linear and logarithmic time. It 
certainly is reasonable to suppose that, the same chemical re- 
actions which are responsible for stress relaxation must be re- 
sponsible also for creep. A theoretical interpretation of these 
data‘ has indicated that creep and relaxation should be related as 
follows 


where f/f) represents the fraction of original stress at time ¢ in a 
stress-relaxation experiment, / represents the length at time ¢ in 
a creep experiment, J the initial length and 1, the unstretched 
length. 

It is therefore useful to define a creep function, “s/s.” 


4 “Svstems Manifesting Superposed Elastic and Viscous Behavior,” 
by A. V. Tobolsky and R. D. Andrews, Journal of Chemical Physics, 
vol. 13, 1945, p. 3. 


571 
to 
6 © Heveo 
Heveo \ 
10 
| | 
3 @ Gum Continuous 
© Tread | 
\ 
} | | 
10°C 
| | 
6 
0 
l 
= 
lo 
ly l 
2 


250r initial Elongation 
10% 
20% 
40% 
100% 
200) 


% Elongation 


8 


| 
50} | 
| 
3 


ie) 2 


4 = 6 7 
Fic. 9 CreEep or HEvEA Gum at DirFreRENT ELonGcations, 120 C 


240 
Initial Elongation 
° 10% 
200- © 20% 
40% 
§ e 100 
7 
x 
80 
40 
Ol \ 10 


Time (hours) 
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Fig. 11 shows the data presented in Figs. 9 and 10, replotted 
in terms of the creep function against logarithmic time. The re- 
laxation curve at the same temperature is also shown, and it is 
apparent from these graphs that the creep function is nearly 
identical with the relaxation function and is largely independent 
of the initial elongation used in the creep measurement. The 
same identity of the creep and relaxation functions has been ob- 
served for Butyl gum. However, as is shown in Fig. 12, creep 
is definitely slower than relaxation for GR-S; this is also true 
for other rubbers which harden rather than soften at elevated 
temperatures. It has also been observed that the deviation be- 
tween creep and relaxation is greater in tread stocks than in the 
corresponding gum stocks. For example, a noticeable deviation 
between creep and relaxation is observed in Hevea and Butyl 
tread stocks, though such a deviation does not appear in the gum 
stocks. 

Equation [2] has been derived on the assumption that the ob- 
served creep is due only to the scission reaction. This is largely 
true because at any given moment all cross-links form in a re- 
laxed position. However, as the creep progresses the newly 
formed cross-linked chains do have a retarding effect. There- 
fore it is not surprising that in cases where cross-linking is 
pronounced, the creep function is somewhat slower than the re- 
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laxation curve. Despite this effect of cross-linking, however, 
creep curves of different rubber stocks will show the same gen- 
eral differences as the continuous relaxation curves of the same 
stocks, and so give a general comparison of the rates of oxidative 
scission in various rubber stocks. 

The practical value of these measurements, apart from their 
usefulness in fundamental scientific research, is immediately ap- 
parent in cases where service deterioration occurs as a result of 
creep or relaxation. It should be remembered, however, that 
these measurements are carried out on thin samples in which 
oxidation is homogeneous. When thick samples are to be used in 
service, these measurements should be made on samples of the 
same thickness, for the experimental data to have a direct rela- 
tion to service deterioration. A particularly interesting practical 
aspect of these studies is that they show (by the great difference 
between intermittent and continuous relaxation curves) that 
the failure of rubber products in service at elevated temperatures 
will depend largely on whether the rubber is subjected to con- 
tinuous or only to intermittent deformation. Failure will oc- 
cur more rapidly under continuous deformation, since failure 
under those circumstances depends primarily on the scission 
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reaction; under intermittent deformation, failure will result from 
the net effect of both reactions, and changes will take place more 
slowly under these circumstances. The behavior of Neoprene 
illustrates very well the value of making this distinction. Ne0- 
prene relaxes and creeps most rapidly of all the various rubber 
types studied. However, the modulus of Neoprene changes more 
slowly with time than is the case with most of the other rubber 
types (as is seen from comparison of their “intermittent relaxa- 
tion” curves). Therefore, Neoprene will fail very quickly when 
under continuous load at high temperatures, but should have 4 
longer service life than most other rubbers when used in 4P- 
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plications which involve only momentary intermittent loading. 

The usefulness and importance of these measurements of 
creep, relaxation, and modulus are by no means limited to the 
measurement of high-temperature oxidative deterioration in 
rubbers. The simple way in which they are related to molecular 
changes in the material being studied should make them very 
valuable in the study of physical changes in polymeric materials 
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in general, such as cold flow of plastics, drift of rubbers, low- 
temperature stiffening,‘ permanent set, etc., since all these 
changes in physical properties have their basis in fundamental 
molecular changes of the type which are reflected in these meas- 
urements. Many new applications of these experimental 
methods will undoubtedly develop with increasing realization 
of their possibilities. 
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Investigation of Influence of Ring Size, 
Bobbin Diameter, and Spindle Speed on 
Spinning Process, and Their Effect 


on Over-All Cost of Spinning 


By A. N. SHELDON! anp J. J. BLAKE? 


From mathematical formulas and data by Dr. Wil- 
helm Stiel® the authors have developed a series of charts 
from which may be predetermined with a fair degree of 
accuracy, the optimum diameters of ring and bobbin, and 
speed of spindle, for spinning any size of cotton yarn from 
any length of staple, carded or combed. The. results 
derived coincide closely with general practice. The use of 
the charts is explained in some detail by application to 
specific cases, leading to the prediction of spinning costs 
under various conditions of spindle speed, ring and bobbin 
sizes, and the like. 


N so far as the authors are informed, there has never been 

published in the textile literature any chart from which 

could be predetermined, with approximate accuracy, the opti- 
mum diameter of ring and bobbin and speed of spindle, for spin- 
ning any size of cotton yarn from any length of staple, carded or 
combed. In an attempt to fill this hiatus, the graphs which ac- 
company this text have been prepared. The several curves 
making up Fig. 1 are derived from mathematical formulas and 
data developed by Dr. Wilhelm Stiel.* These have been care- 
fully analyzed and are believed to be correctly deduced and 
adapted; at any rate, the derivative results appear to coincide 
rather closely with general practice. 

The basic formula is as follows 


(2 X 3.14)? X R, X Gy X Ni? 


T 
g X F(¢) X 612 


in which 


T = tension in grams 
ring radius in meters 
weight of traveler in grams 
traveler speed or revolutions per minute 
9.81 (acceleration in meters per second) 
factor, depending on spindle speed, coefficient of 
traveler friction, and ratio of bobbin to ring diame- 
ter 


Inspection of the chart will readily demonstrate its utility, but 
probably an exemplary solution of the formula and a brief de- 
scription of the use of graphs will facilitate their interpretation. 


‘ F. P. Sheldon & Son, Providence, R. I. 
‘F. P. Sheldon & Son, Providence, R. I. 

* “Textile Electrification,’ by Wilhelm Stiel, Geo. Routlege and 
Sons, Ltd., London, Eng., 1933, pp. 178-261. 

Contributed by the Textile Division and presented at the Annual 
Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944, of THe AMERICAN 
Soctery or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


Mem. A.S.M.E. 


APPLICATION OF EQUATION 


For a typical application of the equation, we will consider No. 
20’s carded yarn spun from 1*/j,-in. cotton, spindle speed 9000 
rpm, with 2!/,-in. ring, bobbin diameter '/2 in., and No. 2/0 
traveler weighing 0.0518 g. We will also assume a slip of 3 
per cent between spindle speed and traveler speed. Adopting 
these vaiues in the preceding formula, we have 


R, = 0.0286 
G, = 0.0518 
No => 9000 — 270 = 8730 


These constants supply all of the unknown quantities on the 
right-hand side of the equation, except F(¢), which is deter- 
mined from the charts, Figs. 2 and 3. From the curve in Fig. 2, 
we ascertain the coefficient of friction between traveler and ring, 
designated by the letter u, which, for the example chosen, is 0.23. 
(For complete data on determination of coefficient of traveler 
friction, refer to an article‘ by A. Liidicke.) The vertical line at 
9000 rpm spindle speed cuts the curve at point 0.23. Then, 
having found u, we refer to the corresponding curve, 0.23, Fig. 3, 
on which the abscissa is graduated into divisions representing the 
ratio of bobbin diameter to ring diameter. In this instance, 
pendicular line until it intersects curve 0.23 and find the corre- 
sponding value of F(¢) on the left-hand margin to be 4.4 

We now have all of the quantities to be substituted in the 
fundamental equation for computing the value of 7, as follows 


(2 X 3.14)? X 0.0286 X 0.0518 X (8730)? _ 
9.81 X 4.4 X (61)? 


= 0.222. From this point on the abscissa we raise a per- 


T = 


27.7 


Referring to Fig. 1, for No. 20’s yarn, the scale at the right- 
hand margin denotes various staples of carded K and combed 
C cottons from which the yarn is spun, while the scale at the 
left-hand margin shows the safe spinning tension for these staples. 
The scale at the bottom of the chart gives the ratio of bobbin 
diameter to ring diameter for the particular condition under 
consideration. 

Suppose, for instance, it is desired to determine the several 
combinations of ring diameter, bobbin diameter, and spindle 
speed suitable for commercial 1'/j.-in. carded cotton. From 
11/,5 in. K at the right-hand margin draw a horizontal line to the 
left-hand margin, indicating a safe tension of 27 to 27.1 g. Any 
point above this horizontal line indicates an excessive tension, 
and any point on or below the line, a safe tension to adopt. This 
line crosses first the curve of 9000 rpm and !/.-in. bobbin, just 


4“A Study of the Ring Spindle” (translation of title), by A. 
Lidicke, Dingler’s Polytechnisches Journal, 1881, pp. 334-345. 
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below the 2!/,-in. ring, indicating that a 2'/,-in. ring, under =O2 
these conditions, would not be satisfactory. It next crosses the 4 AG ait | 
9000-rpm curve with °/;-in. bobbin just above the 2'/,-in. ring, : ayes Qas 
indicating that 2'/,-in. is satisfactory. Next it crosses the 11,000- 
rpm curve with '/;-in. bobbin just above the 1*/,-in. ring, and 
then crosses the 9000-rpm curve with */,-in. bobbin just above 
the 2'/;-in. ring, indicating that either a 1*/,-in. ring at 11,000, or | py 
a 2'/--in. ring at 9000 rpm would be satisfactory, with a '/2- 2 ' 
in. bobbin in the first, and a */,-in. bobbin the second instance. 
Continuing this line from right to left until it crosses the 0 
11,000-rpm curves with 1-in. and 1!/s-in. bobbins, we find that a — dr 
2'/,-in. ring is slightly too large in the first case but satisfactory b, &,. 
in the second. F 
Next, suppose a spinning frame is already equipped with 2!/,- ve. 3 F 


in. rings and 5/,-in. bobbins, and it is desired to determine the 
optimum speed, with 1'/j.-in. carded staple. First, we drop a 
vertical line from A (the 2*/;-in. ring on the 9000-rpm curve with 
5/,-in. bobbin) to B (the 2'/;in. ring on the 7000-rpm curve 
with 5/,-in. bobbin) and note its intersection with the horizontal 


line through 11/1in. K, at C. Obviously, the suitable speed, with 
2'/,-in. ring and 5/s-in. bobbin, lies between A and B, at point C, 
which is ascertained by finding the ratio of CB to AB, that is, 48 
7 is to 9. Since the difference between 9000 and 7000 is 2000, 
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we add to 7000 the product of 7/9 X 2000, or 1555, and find that 
8555 rpm is the optimum speed for the conditions imposed 


PowER REQUIRED 


The horsepower required for each ring size and speed, enumer- 
ated in the tabulation which follows, has been carefully computed, 
according to a formula devised by E. A. Untersee.® 


1,808 
i = 1,42 
Hp per spindle = 0.000284 X x (. 
in which R = ring diameter in inches, and rev = speed of spindle 
per minute. 

From subsequent analysis, it is obvious what critical factors 
are power and fixed charges in the cost of spinning. The con- 
servation of power, in this process, would appear to deserve 
serious consideration, perhaps by reducing the weight of the 
spindle through the use of some suitable combination of alumi- 
num and magnesium, perhaps by driving each spindle with an 
individual motor (similar to the motor drive of rayon spindles), 
and so eliminate all tapes, tension devices, and cylinders, or by the 
adoption of both expedients; or by the use of ball-bearing spindles, 
provided this expedient does not increase fixed charges too much. 

With the present mechanism, the power required to drive 
spinning frames is all dissipated in friction or in heat—more than 
sufficient to heat the spinning room to a comfortable tempera- 
ture in winter, even in a northern climate; ahd which in summer 
months presents a serious problem in air conditioning. In either 
case, there is a serious waste of power in the form of heat. 

In constructing the chart, Fig. 1, the skein break strength, as 
determined by our original formulas (charts Figs. 4 and 5), has 
been divided by 160, to ascertain the corresponding single-strand 
strength, which in turn has been converted into grams for the 
scale at the left-hand margin. We realize that this procedure 
may be subject to criticism, since the average ratio of skein-yarn 
to single-yarn strength, as determined by numerous tests of a 
great variety of cottons, is between, say, 100 and 120 to 1, rather 
than 160 to 1. On the other hand, to insure good running work 
with a minimum of ends down per hundred spindles per hour, it is 
necessary to consider the weakest, rather than the average 
strands, since, obviously, it is the failure of the weakest sin- 
gle strands that controls the result. After reviewing the records 
of many single-thread and skein break tests, of a wide range of 
yarns, we have found that dividing the skein break by 160 gener- 
ally indicates the minimum single-yarn strengths. 

In arranging the scale at the left-hand margin of the chart, 
we have adopted a factor of safety of 10, instead of 14 as sug- 
gested by Oertel,* and as used previously by the authors, as it 
appears from several mill tests that 10 is a conservative factor 
touse. That is to say, for computing the single-strand strength, 
we divided the skein break strength, as determined from our for- 
mulas, first by 160, and then by 10. 


EFFEcT ON YARN TENSION OF INCREASING SPEED AND RING S1zE 


To show the effect on the yarn tension of increasing the speed 
and ring size, the following examples will be cited: 

Referring to Fig. 1, for No. 20’s yarn, it will be observed that 
increasing the spindle speed from 7000 to 9000 rpm with a 2!/,- 
in. ring and °/s-in. bobbin, the tension is raised from 17.47 to 
24.9 g, or 42 per cent; and increasing the speed to 11,000 rpm 
raises the tension to 34.46 g, or 97 percent. Again, if the ring size 
is increased from 18/, in. to 2 in. with '/:-in. bobbin at 9000 rpm, 
the tension is raised from 18.92 to 23.62 g, or 25 percent. Witha 


’ “The Characteristics and Power Requirements of Spinning 
Frames,” by E. A. Untersee, Trans. A.I.E.E., vol. 59, 1940, pp. 1-4. 
* See Reference 3, p. 200. 
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21/,in. ring, the tension is raised to 27.46 g, or 45 per cent, and 
with a 2'/; in. ring, the tension is raised to 32.15, or 70 per cent. 

Obviously, these variations in tension must affect the quality 
of the yarn produced. If larger packages are desired in order to 
reduce the number of piecings, they must be acquired with the 
acceptance of contingent factors more or less undesirable, and the 
spinner must choose that expedient which fits his particular neces- 
sity best. 

It is not pretended that the results deduced herein are of abso- 
lute validity, but we believe that the graphs and the method by 
which they are derived are sufficiently consistent with spinning 
practice to afford a safe guide to a judicious choice of ring sizes, 
bobbin diameters, spindle speeds, etc., for most conditions oecur- 
ring in the spinning process. 

Also, while the chart, Fig. 1, embraces bobbins of '/s in. diam, 
we realize that under some circumstances such a small bobbin may 
be impracticable. 
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(Incidentally, the graphs in Fig. 1, if plotted on full logarithmic 
paper, become straight and parallel lines.) 


Factors AFFECTING SPINNING FuNcTIONS AND Costs 


To further illustrate the utility of the theoretical conception 
of this general problem, we will consider No. 20’s carded yarn, 
spun from 1!/j.-in. staple, and deduce all of the factors affecting 
the spinning functions and spinning costs. 

Prof. George Lindner’ has developed a formula proving that 
the shape of the balloon is a sine curve and from this deduction 
establishes the equation 


180 — arc sin 
a 


b 90 
See Fig. 6, in which 
h = distance from thread guide to bottom layer of thread on 
bobbin, m 


7 “Balloon Shape, Yarn Tension and the Position of the Traveler 
in the Ring Spinning Machine” (translation of title), by Georg Lind- 
ner, Monatschrift fiir Textil Industrie, 1910, pp. 213-216. 
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TABLE 1 FUNCTIONAL DATA FOR SPINNING NO. 20'S YARN WITH VARIOUS RINGS AND SPEEDS 


Bing diam, eel 13/4 18/4 17/s 17/s 2 23/16 2*/s 23/4 
33/4 33/4 33/4 33/4 33/4 33/4 33/4 + 41/, 
Spindle speed, rpm.. ee 10000 11000 9000 10000 11000 11000 9000 8040 
0.1462 0.1328 0.1621 0.1462 0.1328 0.1328 0.1462 0.1621 0.1814 
9.73 8.84 10.6 ° 9.58 8.71 8.58 9.25 10.37 11.00 
h BR 0.247 0.224 0.270 0.243 0.221 0.218 0.235 0.264 0.277 
Weight of traveler in grams............... 0.0735 0.06229 0.05243 0.0672 0.05587 0.04702 0.04756 0.05360 0.06086 0.05868 
Approx weight of traveler in grains......... 1.2 1.0 0.80 Red 0.85 0.75 0.75 0.85 0.95 0.90 
Approx number of travelers............... 21/2 1 2/0 1'/s 11/3/0 3/0 3/0 11/:/0 1/0 
tomesom QTAMS... 27 27 27 27 27 27 27 27 


TABLE 2 COMPARATIVE COST OF SPINNING NO. 20’S YARN 
1-1/16" Cotton - Twist Constant 4.50 - furns per inen 20.12 
irocuction 44,500 Tbs. per 60 hr. week = Feuts Yern 


Ring 
Dismeter 1-3/4" 1-3/4" 1-3/4" 1-7/8" 1-7/6" 1-7/8" 2" 2-3/16" 2-3/8" 2-3/4" 


Bobbin 
Diemeter 1/2" 1/2" 5/8" 3/4" 7/a7 1" 


Traverse 7-3/4" 6-7/4" 5-2/4" 7-1/2" 6-1/2" 5-3/4" bel/z" 6-1/4" 7-3/8" 8” 


Gauge 3-3/4" 3-3/4" 2-5/4" THB /4" 5-3/4" 4" 4-1/4" 


Spindle 
Speed 10000 11000 ¥OOU 11000 116000 10000 g000 6000 


Yds.on 


iobbia 3538 “961 5339 4200 


vets 
yer wk. 
Lbs. per 


Enindle 20 Se 4.2 


24.0 21.33 


12678 
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Power 424. 461. 504. 462. 512. 558. 614. 640. 650. 731. 
FixedChgs. 651. 603. 567. 658 574. 582. 630. 708. 623. 


$2229. $2163. $2292. $2227. 92257. $2251. $2335. $2477. 
Poll Cover.4 
Spdl1.0il, 
Travelers, 


etc. 22-6 2 . 18. 22. = 20. 18. 18. 20. 22. 24. 


Air Cond. 

to 70% keHe 123. 133. 145. 133. 148. 161. 177. 1865. 188. 211. 

Add'l Cost 

for Doffing 

& Wilding 

with 5/e" 
28. 336 14. 24. 25. 24. 

TOTAL $2402. $2266. $2469. $2406. $2383. $2455. 


b = distance from thread guide to maximum displacement of in which No = revolutions of traveler per minute, and N, = 


balloon, m counts of yarn, English system. 
R, = radius of ring, m Having determined 7, we can predict the weight in grams of 
a = maximum displacement of balloon, m traveler required, from the following formula® 


He also shows that the yarn tension in grams 
No? X h? 90 2 
T= 612 XN, 


G, X F@) X 61? 
“(2X 8.14)? X RB, X Ne 


180 — arc sin R, We have assumed, in each instance, that a in Fig. 6 equals 

a one half of the gage of spinning frame so that the threads at 

which is equivalent to maximum ballooning theoretically will not collide with each 
: Not X bt other without separators. 


~ 612 X N, 8 Footnote 7, p. 1. 


|: 
579 
q 
= 
16.558 21.24 $932 8736 
1). 
No.of 
pind.es 12714 11526 10595 3.12 
127] 
Cost ver Wi 2714 11526 
: 
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To demonstrate the validity of the foregoing formulas, we 
have chosen several examples adopting the maximum traveler 
speed suggested by some of the machinery builders, as follows: 


2-in. ring at 11,000 rpm 
2 3/,.in. ring at 10,000 rpm 
2 ringat 9000 rpm 
2 4/,in. ring at 8000 rpm 


and, for comparison, have added 


1%/,-in. ring at 9000, 10,000, and 11,000 rpm 
17/s-in. ring at 9000, 10,000, and 11,000 rpm 


The results are given in Table 1. 

Based on Table 1, the comparative cost of spinning No. 20’s 
yarn, from 1!/,.-in. staple carded, would be as given in Table 2, 
in which the rate of wages per hour is 55 cents for spinners, 61 
cents for doffers, 54 cents for winders, and 48 cents for sweepers, 
cleaners, oilers, and roving men. 

Table 2 suggests that for No. 20’s yarn made from 1?/,-in. 
carded staple, the minimum over-all manufacturing cost is ob- 
tained with a spindle speed of 10,000 rpm, 1/,-in. ring, 4/:-in. 
bobbin, and 63/,-in. traverse, No. 1 traveler, and 3'/,-in. gage, 
without separators. With 17/,-in. ring, at the same speed, but 
with 6'/:-in. traverse, the cost is only slightly more. 

Considered as a group, the use of 1/,-in. or 17/s-in. riags, at 
either 9000 or 10,000 rpm, with either '/,-in. or 5/s-in. bobbins, 
is apparently more economical than these same rings at 11,000 
rpm, or than any of the larger rings. Probably with the use of 
separators the gage for the 1#/,-in. and 17/s-in. rings could be re- 
duced to, maybe, 3!/, in. or 31/¢ in. 

At 11,000 rpm for 1/,-in. and 17/s-in. rings, and at the revolu- 
tions per minute specified in the tabulation for 2-in. rings and 
larger, the critical speed of travelers may be exceeded. Conse- 
quently, it might be necessary to reduce these spindle speeds 
appreciably, which in turn would diminish the production per 
spindle and so increase the number of spindles, and therefore 
increase the manufacturing costs above the figures given in Table 
2. 

It will be noted from the foregoing data that the yarn tension 
and weight of traveler vary as the square of distance h, provided 
the speed, ring diameter, and bobbin diameter remain constant. 
The yarn tension varies as the square of the spindle speed, pro- 
vided the traverse, diameter of ring and bobbin, and distance b 
remain constant. Also, for 14/,-in. and 17/s-in. rings, the traverse 
can be increased 1 in. for each reduction in spindle speed of 1000 
rpm. 


Discussion 


F. E. Jr.* With nearly half, or about 13,000,000 
spindles in place in this country, over 30 years old, the industry is 
faced with an extensive postwar program of replacement and 
modernization. 

For a number of years, the trend has been toward the use of 
larger-diameter rings and longer traverses so as to reduce doffing 
periods, provide longer lengths of yarn with fewer knots or piec- 
ings, and thereby obtain greater economy in subsequent opera- 
tions. These larger packages can be obtained only at some sacri- 
fice in spinning costs as the authors have indicated. Power 
requirements are increased approximately by the square of the 
spindle speed. There is a limit to which the speed of travelers 
can be run efficiently, and as the speeds are increased the number 
of ends down are also increased. Therefore, there is a limit to the 


* Works Manager, Whitin Machine Works, Whitinsville, Mass. 
Mem. A.S.M.E. 
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ring size and speed for a given size and quality of yarn beyond 
which it is not economical to go. Any savings obtained from 
larger packages must be weighed carefully against their increased 
costs. 

Reference was made in the paper to the Untersee formula. 
The object in developing this formula was to provide a means for 
determining the amount of power that a spinning frame of a 
given number of spindles, diameter of ring, and spindle speed 
would require so as to insure the furnishing of the proper size of 
motor. 

Subsequent to working out the formula which the authors 
have used, Mr. Untersee revised it to include another variable, 
namely, the yarn size, and at the same time increased the 
(rpm) (rpm)?-% 
1000” 1000 


as follows: 


0.0003055 (rpm) ?.04 
5 1000 


S = yarn size 
R =ring diameter, in. 
rpm = spindle speed 


Hp/spindle = 


where 


This formula was based on data obtained from a large number of 
tests made under our supervision, not only at our pliant but also 
supplemented by those made in a number of mills under actual 
operating conditions. This work was carried out by Untersee 
over a period of years, during which a considerable amount of 
data were collected; and experience has shown it to be a safe 
guide to follow. 

It is to be regretted that Mr. Untersee’s premature death pre- 
vented his work from being carried further along lines of including 
other variables, such as length of traverse, traveler size, etc. 
However, the formula he has given us is valuable as far as it 
goes and it is to be hoped that the work will be continued by 
others interested in the problem. The use which the authors 
have made of this formula is comparative. For their purpose it 
would seem to be quite adequate for, as they point out, they do 
not pretend that the results deduced are of absolute validity but 
are sufficiently consistent with spinning practice to afford a safe 
guide to follow in working out this problem. 

It should be pointed out that the power consumption varies 
considerably from empty to full bobbins. The formula takes 
into consideration the ring diameter only and is based on the 
bobbins being full. Therefore, the power required for a com- 
plete doff from empty to full bobbins will be less than that derived 
from the formula. ; 

The writer recommends that consideration be given to carrying 
this investigation further and believes that it is of sufficient im- 
portance to the industry for the Textile Division of the Society to 
establish a committee for this purpose. 


C. H. Harrican.” During the last 10 years, the French Ring 
Spinning Department of the writer’s company has made use of 
improvements such as variable-speed motors, roller-bearing 
spindles, autolubricated rings, revolving underclearers, balloon 
controllers synchronized with the ring rail, and our own make of 
antimarriage (double-spin) preventers, which has made it pos- 
sible to run many counts and twists of worsted yarn at around 
9000 spindle revolutions. 

The yarns thus produced are superior to anything previously 
made here, and the weave shed now demands that all their warp 
yarns be ring-spun. The mules are now used only for medium 
counts of yarn that are to be twisted, or for filling. 


10 Forstmann Woolen Co., Garfield, N. J. 
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We have also overcome the old hurdle of maximum traveler 
speed by using a metal different from the high-carbon steel com- 
monly used in the trade. In this connection, we are running 
twisters with 4-in. rings at 7500 spindle revolutions, which is 
about 1'/2 miles per m, and travelers last at least 40 hr before 
changing is necessary. 

This answers the conception that high spindle speeds are im- 
practical because of traveler trouble. The writer suggests that 
improvements in the machines to overcome vibration, such as 
line shaft and pulleys to replace tin cylinders, lighter metal in 
spindles, antifriction bearings, so made as to prevent oscilla- 
tion, and mounting of machines on concrete footings might easily 
make possible 15,000 revolutions spindle speed, since we have 
already done 12,500 on 3-in. rings (on a 20-spindle trial frame) 
and made first-class yarn up to 64’s metric. 


N. M. Mircue.y.'! This subject represents a problem which 
has confronted mill management from the time ring spinning 
was invented. In general, spinners and spinning-equipment 
manufacturers have considered the broad subject one which 
could best be solved through experimentation. 

The activities of industrial and cost engineers in the textile in- 
dustry require a technical and theoretical approach to the ques- 
tion of what is the proper ring diameter, bobbin size, spindle 
speed, or traveler for specific counts of yarn, spun from various 
lengths of staple. In the majority of instances this information 
is found through analysis of available records covering activities 
in various mills and experimenting with whatever seems to indi- 
cate will best meet the services or requirements for the specific 
count of yarn under consideration. 

Analysis of the present paper indicates the need for giving all 
factors entering into the formulas extremely careful considera- 
tion. The theories presented are generally logical but in prac- 
tically every instance there is room for criticism from the stand- 
point of practical spinning operations. 

Discussions of the paper with spinners has brought out the 
opinion that many of the physical and uncontrollable variables 
normally existent in spinning operations would tend to modify 
some of the assumptions indicated in the formulas. 

There is little to be gained by selecting specific items which 
have been found controversial in the various tabulations in the 
paper. The merit in this paper lies in the fact that these progres- 
sive and logical steps have been taken, and undoubtedly it was 
the authors’ hope that they would lead the way to further and 
more detailed investigations which would result in formulas and 
resultant tables which could be used by the industry as a whole 
and be found generally acceptable to all concerned. 


Brackett Parsons.'? The question of friction between the 
traveler and the ring is very important in the tension formula of 
Dr. Stiel. We find that there is considerable variation in the 
weight of the traveler used, due to the condition of the ring. 
On a 2l-warp yarn spun from 1-in. middling cotton on a 2-in. 
ring, '5/,-in. bobbin, 8-in. traverse, at 9000 rpm, warp wind, 4-oz 
package, 3'/:-in-gage frame with separators, we have used 
travelers from No. 3-0 to No. 7, that is, the ring gradually wears, 
the friction is reduced, and a heavier traveler is required. 

The tension formula ignores the effect of different lengths of 
traverse. This factor in consideration of spinning tension is al- 
most as important as the bobbin-ring ratio. There is, of course, 
tension variation from top to bottom of stroke, and it naturally 
follows that the longer the traverse the greater the variation. 
We also feel that the quality of the roving, the spinning drafts, 


President, Barnes Textile Associates, Boston, Mass. Mem. 
A.S.M.E. 


12 Pepperell Manufacturing Company, Boston, Mass. 


and spinning-frame construction, that is, the stationary or 
traversing thread guides, affect the tension limit. 

In testing the formula on a limited number of yarns that we are 
running in sizable quantities, we find considerable deviation from 
the formula. The formula undoubtedly can be revised to con- 
form with more modern practices. 

In considering the cost element, there is a wide variation be- 
tween our various mills, owing to different methods of manufac- 
ture caused by the resultant end use of yarn. 


R. W. Vose.!* The approach taken by the authors to the 
problem of the spinning spindle is most comprehensive and 
should pave the way for developments of considerable engi- 
neering and economic importance. Most of the previous work on 
the subject has been confined to specialized technical aspects, 
and comparatively little thought has been given to the inter- 
weaving of the results of these detailed investigations into a 
composite whole which would be of direct utility to the machine 
builder and the textile manufacturer. While the investigations 
in the fields of dynamics, friction, vibration, lubrication, and 
aerodynamics as pertaining to the spindle are of technical im- 
portance and interest, it is only by their translation into the 
actual monetary cost of the daily operation of the spinning that 
any tangible benefits are obtained. 

In gathering together the technical data on which to base the 
development of their thesis, the authors have been forced to draw 
from widely scattered sources, covering work done over a con- 
siderable span of years and by experimenters of differing modes 
of approach. This has resulted in the inclusion of both theoreti- 
cal and empirical results, and of results with considerably vary- 
ing degrees of approximation. As an illustration, it may be 
pointed out thet Lindner’s equation for the shape of the balloon, 
which the authors quote, is derived in the form of sine curve which 
is a reasonable approximation to the actual balloon only in cases 
where the balloon is relatively long and narrow. As the balloon 
widens out, the sine equation loses its validity just as a parabolic 
equation loses validity for a catenary, and for precisely the same 
reason. At the present writing it is not possible to give figures 
for the degree of this approximation in the case of the large 
balloon, but it would seem worthy of further work since the wide 
balloon is particularly involved in the fouling of adjacent spindles, 
and hence governs the spindle spacing. A further defect in 
Lindner’s equation comes from the fact that it is derived on the 
basis of a two-dimensional curve lying in the plane of the spindle. 
Actually, a balloon is three-dimensional and its backward slope 
due to air friction further aggravates the departure from the as- 
sumed sine curve. 

In numerous earlier treatments of the spinning problem, it has 
been customary to assume that yarn tension is the limiting factor 
preventing increases in package size and speed. The authors 
have followed this same general thought but have quite rightly 
pointed out that, under a certain range of conditions, the limit- 
ing factor may be traveler heating and wear rather than yarn 
tension. Numerous experiments extending over several years’ 
time, made under the writer’s observation, tend to indicate that 
this question of traveler failure is perhaps sufficiently serious to 
overbalance entirely the consideration of yarn tension under most 
practical operating conditions. A series of tests on a variable- 
speed spinning installation designed to give constant tension did 
not appear to give the full benefit expected, and it was concluded 
that traveler wear was the disturbing and controlling factor. 
Other tests, made for an entirely different purpose, showed no 
particular correlation between yarn tension and spinning end 
breakage, and in fact showed that yarn breaks due to tension 


13 Director of Research, Chicopee Manufacturing Corporation, 
Chicopee Falls, Mass. Mem. A.S.M.E. 
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alone were probably of relatively rare occurrence except in yarn’ 


inherently weak. This of course leads to the question as to 
whether or not the spinning operation should be adjusted to break 
out weak yarn, but this a matter beyond the scope of the present 
discussion. 

In regard to the actual tension figures used by the authors, it 
would seem that the values derived from the skein-break test by 
calculation were open to some question. Tests made in the 
writer’s laboratory show operating tensions 4 times as high as 
these, and yet the test was made on a carefully controlled labora- 
tory frame under conditions paralleling operating practice. It 
would thus seem that, while the use of the skein-break data, 
figured with an arbitrary factor of safety, might give figures rela- 
tively correct, the absolute values might better be determined 
from actual measurements on the operating spindle. This might 
lead to extensions of the operating range of speeds or sizes, or 
both, which would permit distinct economies not shown in the 
present paper. 

An examination of Untersee’s equation for power, and a per- 
sonal acquaintance with some of Mr. Untersee’s very excellent 
experimental work, leads the writer to believe that this equation 
was intended for empirical design purposes rather than for 
analysis. One defect, in so far as the present application is 
concerned, is the lack of the inclusion of the length of traverse 
as a factor. Obviously, the package weight varies with the 
traverse and this in turn must affect bearing friction. Another 
defect, from the theoretical viewpoint, is the lack of separate 
terms for friction, windage, and yarn drag, each of which may 
vary as a different power of the radius or of the speed. A pre- 
liminary study of the fundamental equation indicates that, with 
conventional proportions of these variables, the equation given 
by Untersee may hold approximately but, nevertheless, the 
separate effect of each of these variables is not fully brought out. 
Since power is such a serious factor it would seem that the equa- 
tion describing its variation might well be expanded to place it on 
a par with the calculation of the other elements entering into the 
total cost of spinning. 

The authors have clearly pointed out the high cost of power in 
the spinning process, and have made a plea for improved me- 
chanical design in the interests of power conservation. This leads 
to an analysis of the actual power losses occurring in the spindle. 
There are three causes, namely, bearing friction in the step, 
windage of the package, and tension of the yarn resisting the 
rotation of the spindle. The power taken out of the spindle 
through the yarn tension is ultimately dissipated in traveler 
friction and in windage of the balloon. It can be shown that 
each of the three sources of power loss at the spindle is of the 
same magnitude, and that the loss in the spindle bearing is the 
only one capable of direct reduction by machine-design improve- 
ments. Experimental spindles utilizing rolling contact bearings 
seem to show a saving in power in this particular location of about 
one half, but although the bearings have operated satisfactorily 
over many months’ trial their ultimate life is yet to be determined. 

The two remaining items, namely, package windage and yarn 
tension, would seem to require a completely different method of 
spinning for their improvement. While windage might conceiv- 
ably be eliminated by spinning in a yacuum, schemes of this 
sort seem scarcely practical. In regard to yarn tension, it will be 
recognized that some amount of tension is necessary to produce a 
sufficiently firm package, and that as long as this tension is 
created between the driving spindle and an external drag (namely, 
the traveler and balloon), the power loss is inescapable. If the 
tension were supplied through a flyer geared into the driving 
mechanism of the spindle, this power would be recoverable, but in 
conventional sizes of spinning spindles it is probable that the 
friction loss of the added mechanism would render this scheme 
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impractical. The tension is also required in order to keep the 
balloon within bounds, as the authors have pointed out through 
the use of Lindner’s equation, and again the elimination of this 
factor would seem to require inventive genius rather than ma- 
chine-design ability. 

To turn from the engineering aspects of the paper, it may be 
pointed out that the cost figures of the various operations as 
quoted by the authors are somewhat out of line with respect to 
modern mill practice. This is particularly so with regard to the 
winding operation. However, these matters can be dealt with by 
relatively straightforward accounting procedures once the engi- 
neering fundamentals have been developed, and in any event will 
vary from one mill to another. 

In closing, the writer wishes to compliment the authors for 
having undertaken this important, but involved, task of correlat- 
ing the diverse engineering elements of the spinning problem and 
expressing their result in a form directly usable by the textile 
industry. The work should prove a guide and an inspiration to 
those working in the intricacies of mathematical analysis and the 
delicacies of experimental measurement and those who are prone 
to forget that their technical results are only part of a broader 
economic picture. 


AuTHOoRS’ CLOSURE 


Before discussing the several commentaries relative to the 
essential features of our thesis, the authors wish to thank each 
of the contributors for constructive participation and co-opera- 
tion in preparing this subject for critical analysis, and, in point- 
ing out the limitations of the formulas and the paucity of accurate 
empirical data, they recognize the need of further careful explora- 
tion, 

Mr. Vose quite rightly directs attention to the invalidity of the 
sine curve where the balloon is excessive in proportion to the 
traverse, but for conditions usually prevailing, perhaps this 
critical situation seldom exists. His assertion tnat the “balloon” 
curve is three-dimensional rather than two, is equally correct —a 
fact that Lindner recognizes, although, in his analysis of all the 
forces involved, he considers the effect of windage more or less 
canceled out by other effects and takes advantage of this circum- 
stance to simplify what would otherwise be a very inconvenient 
mathematical expression to use. 

The question of traveler performance is another element of 
the spinning process which, as Mr. Vose observes, requires further 
intensive investigation, particularly when one considers Mr. Har- 
rigan’s successful experience with travelers made from a special 
metal and running 40 hr at 132 fps. In so far as the authors are 
informed, no one except Honegger,'* has attempted to confirm 
Liidicke’s experiments to determine the coefficient of traveler fric- 
tion, and Honegger’s work was, we believe, temporarily discon- 
tinued before it was completed, . 

There is, too, some evidence, confirming Mr. Vose’s tests, in- 
dicating that spinning end breakages occur, under certain condi- 
tions, quite as much from other causes as from excessive tension 
or weak yarn; for example, the character of the yarn and the 
fiber from which it is spun.'5 

Tests made by Mr. Vose on No. 30’s yarn, show a safe operat- 
ing yarn tension of 4 times the value adopted by the authors; 
all that we can say is that the tensions we have used appear to 
agree fairly well with results obtained in usual mill practice. 

Turning now to the question of power, we are confronted with 
one of the most significant factors constituting the over-all cost 
of spinning, and while Untersee has made a notable contribution 


14 “Tests on Ring Spinning,”’ by E. Honegger, The Teztile Manu- 
facturer, vol. 61, July, 1935, pp. 267-290. 

18 See Indian Central Cotton Committee Technological Labora- 
tory Bulletin, Series A, No. 36, Jan., 1937, Matunga, Bombay, India. 
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toward its determination, his formula does not always coincide 
with actual practice. Therefore, it is to be hoped, as Mr. Ban- 
field suggests, that his work will be continued by others, in such a 
manner as to show how the power required to operate spinning 
frames is divided between all of the moving parts of machines 
covering a wide range of speeds, ring sizes, traverses, regular 
bearings and antifriction bearings, ete. It is doubtful if spinners 
realize how much their over-all costs are affected when they in- 
crease speed, ring diameter, and traverse. This investigation of 
power should embrace the application of variable-speed motors 
and spinning regulators, to aseertain their economic and practical 
merits. 

Mr. Parsons emphasizes the importance of traveler friction 
and length of traverse. We have already discussed the former 
factor; and the effect of the latter is comprehended in the follow- 
ing equations 


&, 
180 — are sin — 
a 


_ Not 
612 XN, 


583 


He also submits a typical example from actual mill practice; 
viz., No. 21’s carded yarn spun from 1-in. middling cotton, 2-in. 
ring, '5/j-in-diam bobbin, 8-in. traverse, spindle speed 9000 
rpm, gage of frame 3'/2 in., and 4-0z. package. Now referring to 
yarn chart, Fig. 4 of the paper, we find that the skein breaking 
strength is 81°/, lb, which is equivalent to a safe spinning tension 
of 23 g, using a factor of safety of 10. Then from the chart, 
Fig. 2, we find the coefficient of traveler friction to be 0.24, and 
from the chart, Fig. 3, Fé = 6. Similarly, since the traverse is 
8 in., h, the distance from pigtail to bottom layer of yarn on the 
bobbin would probably be 1!/2 in. more, or 9!/2 in., and the sine 
of the angle obtained by dividing the ring radius by '/2 the gage, 
is 145.15, from which b = 5.89 in., or 0.1496 m. Then, substi- 
tuting the appropriate values in the applicable formula, we find 
that the theoretical traveler speed is 8961, compared to the actual 
spindle speed of 9000 rpm and, likewise, the theoretical traveler 
weight is 0.0624 g, equivalent to a No. 1 traveler which, it will be 
noted, is about midway between the maximum and minimum 
weights actually used, that is, No. 7 and No. 3/0. 

In this instance, at least, the computed result and practice 
agrees almost exactly. 
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Experimental Study of the Flow of Coal in 
Chutes at Riverside Generating Station 


By E. F. WOLF! AND H. L. von HOHENLEITEN,! BALTIMORE, MD. 


Among the power-plant problems which are gradually 
being solved, the present study of moving coal from the 
bunkers to stokers or coal-pulverizing mills is impor- 
tant, for with the use of one boiler only for each turbine 
generator, the prevention of coal stoppages in chutes is 
vital. During the war years, the use of coal from lot 
storage, with consequent moisture absorption, has caused 
a great deal of ratholing and arching in the bunkers, and 
frequent stoppages have occurred in the chutes. The 
experimental investigation, reported, involved a study 
of the flow and stoppage of coal in a transparent scale 
model of one of the present chutes; measurements of 
physical properties of lot coal with relation to possible 
factors affecting stoppage; development in successive 
steps of a new design of coal chute in scale-model form. 
Out of this study a suitable chute design was evolved, 
now being reproduced full scale for installation and test. 


OWER-plant operators have been faced for many years 
Pr: a number of major equipment problems and since 

some of the more important mechanical difficulties have 
been overcome, those of a minor nature are now coming to the 
front. At the same time the constant improvements in the art 
of boiler design have magnified some of these minor troubles. 
Getting coal from the bunker to stoker hoppers or to coal-pul- 
verizing mills has been one of these problems. Heretofore the 
operator has usually been successful in keeping fairly dry coal 
flowing through his chutes, or in relieving stoppages due to wet 
coal by employing air lances and some judicious pounding at 
points where such stoppages occurred. With the use of one 
boiler for each turbine generator, the prevention of coal stoppage 
now assumes major importance. 

When the Consolidated Gas Electric Light and Power Company 
began its expansion program in 1939, it recognized the importance 
of a trouble-free coal supply and surveyed the field to determine 
the latest advances in the art of coal-handling and chute design. 
The chutes installed at the Westport Station extension and at the 
new Riverside Generating Station represented the best engineer- 
ing knowledge available up to that time. Chutes, in general, were 
kept at as steep an angle as possible, flared chutes were employed, 
and the angles of the sides of hoppers were maintained at 60 deg 
or steeper. This has resulted in a chute design, which, in general, 
has performed well with moderately dry coal. 

During the winter and early spring of 1943-1944, government 
regulations of fuel made it necessary to use large amounts of fuel 
reserves. This led to extensive use of coal from lot storage, 
which by reason of exposure to weather had absorbed large per- 
centages of moisture. With this wet coal a great amount of rat- 
holing and arching took place in the bunkers and frequent stop- 


1 Consolidated Gas Electric Light and Power Co. of Baltimore. 

Contributed by the Fuels and Power Divisions of THz AMERICAN 
SocreTy or MECHANICAL ENGINEERS and presented before the Boston 
Section on April 12, 1945, and before the Metropolitan Section on 
May 28, 1945. 

Nors: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


pages occurred in the chutes from the bunker to the pulverizing 
mills, especially at the Riverside generating station. It was de- 
cided that a thorough study of this problem would be warranted 
and an experimental program was mapped out and carried through 
in the following steps: 


1 Study of the flow and stoppage of coal in a transparent- 
plastic scale model of one of the present chutes. 

2 Measurements of physical properties of lot coal to study the 
cause and factors affecting stoppage. 

3 The development in successive steps of a new design of coal 
chute in scale-model form. 


The purpose of these experiments was to find a means by 
which the flow of coal through the chutes could be improved with 
a minimum of changes. In the redesign of the chutes themselves, 
extensive structural or mechanical changes could not be contem- 
plated since they would necessitate prolonged outages of plant 
and their cost would be prohibitive. This decision put certain 
limitations on the development of a new design and made it im- 
possible therefore to obtain the ultimate in performance. 

The experimental work led to designs which in scale form handle, 
without stoppage, coal of 1'/, times as high a moisture content 
as the model of the existing chute. The final model permits 
unimpeded flow of coal at a moisture content which ratholes, 
arches, and sticks in the model of the existing bunker. A full- 
sized coal chute conforming to the final model design will be 
placed in operation early this spring and will serve to check re- 
sults obtained in the laboratory. 


STATEMENT OF PROBLEM 


It has been observed over a number of years that coal will 
stick in bunkers and chutes whenever the moisture content ex- 
ceeds a certain limit for given types of equipment and coal. 
Stoppages, when using lot-storage coal, have been more frequent 
at our Riverside plant than at our other plants, principally on 
account of the method of storing coal at the former location. 
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The stocking-out and reclaiming of coal by means of a bulldozer 
and ‘‘carry-all,”’ and the greater degree of compacting that the 
coal undergoes when stored by this means, is apparently respon- 
sible for a higher percentage of fines and, consequently, a greater 
ability of the coal to retain moisture. 

The fuel used at these stations is semibituminous coal produced 
in District No. 1 from the central Pennsylvania and northern 
West Virginia regions. 

Practical operating experience had indicated that the coal 
delivered to our plants by barges normally could be relied upon 
to flow through the chute system with little difficulty in contrast 
to troubles experienced with lot-stored coal of similar moisture 
content. It was believed that the explanation for this was to be 
found in the physical make-up of the coal. Typical sieve analyses 
plotted in Fig. 1 indicate that the consistency of lot coal is such 
that approximately 30 per cent by weight is finer than number 20 
mesh, and that it contains approximately one third more mate- 
rial of this fineness than scow coal. 

Each of the two turbine generators at Riverside Station is 
served by one 550,000-lb per hr boiler which takes its coal 
supply from a 990-ton-capacity catenary bunker. The bottom 
of this bunker is located at elevation 72 and is equipped with six 
clamshell gates. Three chutes, each fed by two gates, carry the 
coal to the three pulverizing mills located in the boilerhouse base- 
ment at elevation 10, Fig. 2. The center chute, which had 
proved to be the most troublesome in operation, was selected as 
the subject for this investigation. 


Srupy or Fiow or Coat ScaLteE Mopet or Existinc 


Since it was impossible to determine either the exact location 
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Fig. GeNERAL ASSEMBLY OF CoaL CHUTES aT RIVERSIDE STATION 
(Showing main obstructions to possible changes.) 


or the nature of each stoppage in the coal chutes at the plant, it 
was decided to make an exact transparent scale model of one of 
the existing chutes. This and most of the later models were 
fabricated from 30-mil sheet pyralin by molding it under boiling 
water over polished wood templates which conformed to exact 
inside dimensions. This material is satisfactory for this purpose 
since it has a coefficient of friction not greatly different from 
smooth steel plate. The linear scale selected was one tenth full 
size, which is equivalent to a volume reduction of 1000 to 1. 
Experiments were conducted with this model using specially 
prepared coal samples having particle sizes reduced approximately 
to the linear-scale reduction of the model. Most of the experi- 
ments were carried out, however, with coal samples taken directly 
from lot storage and slightly modified by removal of lumps larger 
than !/. in. size. A revolving-table feeder was installed at the out- 
let of the model to simulate the action of the table feeder at the 
Riverside plant. Phenomena observed in the actual chutes have 
been reproduced to a surprising degree in the model with either 
gradation of coal. Sticking and “‘hanging up” have occurred in 
the model at the same location and in the same manner at which 
sticking could be observed in the prototype. 

The authors’ previous experience (1, 2)? had demonstrated 
that a scale model is a useful tool in studying certain power-plant 
design problems, and careful consideration was given to the 
reliability of model tests for this specific application. It was recog- 
nized that a considerable scale effect exists but, since the com- 
ponents were too numerous and too much subject to variation, 
no attempt was made to arrive at a mathematical expression of 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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the scale factor. While it may be possible to determine such a 
factor for one part of a system, it seems a hopeless task to estab- 
lish it for all component parts or to arrive at an over-all scale fac- 
tor. It was determined, however, that all the phenomena which 
had been noted in the actual coal chute at an observed moisture 
content of between 5.5 per cent and 6 per cent occurred in the 
model between 3.5 per cent and 3.75 per cent moisture content. 
It is recognized therefore that a scale factor exists but that the 
scale effect will tend to give model results on the conservative 
side. 

In the operation of the model of the existing chute, the flow of 
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dry coal was found to be smooth and uniform, which is in accord 
with service experience. At about 2.5 per cent moisture, the 
flow became very sluggish along the corner of least slope in the 
hopper below the operating level (elevation 31 ft 6 in., Fig. 2). 
Most of the flow occurred in a spiral motion along the opposite 
vertical corner. The movement of coal from the chute above 
occurred almost entirely on the side where the hopper below was 
offset. With further increase in moisture the coal began to rat- 
hole intermittently by draining entirely from the vertical corner 
and leaving the remainder of the hopper packed with coal. The 
observation of these phenomena which have been noted fre- 


Fig. 3. West View or Mopet or Existinc Cuute Fie.4 West View or or Lower Hopper 


(Stoppage of coal in lower and upper hoppers.) 


(Arching in hopper and coal gate.) 
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quently in the field, was aided in the model by the use of thin 
horizontal layers of inert white powder placed at intervals in the 
coal stream. Two other early points of trouble were the bottom 
of this hopper and the hopperlike shape simulating the coal gate. 

In the range from 3.0 to 3.5 per cent moisture, stoppages 
occurred in the latter locations and voids began to form in the 
rectangular tapering chute above the operating floor. With 
further increase in moisture, flow of coal could be maintained 
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Fies. 5 anp 6 Stickine or Coat 1n MopeEt or Existing 


through the lower hopper by means of scale-sized pokers and air 
lances, but arching and ratholing then took place at the upper 
hopper, Figs. 3 to 7, inclusive. 

In this chute system, there is a reduction in cross section from 
a rectangular shape at the top of 41.7 sq ft to a circular shape at 
the bottom of 1.7 sq ft. This large transition causes the coal to 
compact, producing the observed stoppages at the bottoms of the 
hoppers, in corners and at points of change in direction of flow. 
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PuysicaL Properties oF 

To determine the cause of the stoppages which were observed 
in the model and in order to effect improvements in design, it was 
found necessary to make quantitative measurements of those 
physical properties which seem to govern the flow of coal. The 
ratholing, arching, and sticking were found to be closely associ- 
ated with three mutually interrelated characteristics, namely, 
moisture content, degree of compacting, and uniformity coeffi- 
cient. The gradation of the coal affects the amount of moisture 
which can be retained and also the possible degree of compacting. 

Numerous measurements were made with simple laboratory 
equipment devised for this purpose. The size of specimen was 
in the range of 20 to 50 Ib in most cases. In these discussions 
the term ‘‘loose coal’’ is being used to indicate that the coal was 
placed loosely, one scoopful at a time, and every attempt was 
made to avoid compacting. The term ‘‘fully compacted coal” 
implies that the container was filled with coal and vibrated by 
mechanical means until no further change in volume could be 
observed. 

Static Angle of Repose. One of the properties which governs 
the gravity flow of coal is the static angle of repose which is in- 
fluenced by both moisture content and degree of compacting. 


Fie. View or Existing Moper 
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For the determination of this statie angle of repose a 12-in. X 
12-in. X 12-in. metal box with one side hinged at the bottom was 
used. The box was first filled with loose coal, then the hinged 
side was dropped, and after all loose coal had fallen away the 
angle of the cleavage plane was observed. The box was then’ 
filled with coal and vibrated until full compactness was reached. 
Again the side was dropped and the cleavage angle noted. This 
test was repeated for moisture contents ranging from 1 per cent 
to 18 per cent and the results are shown in Fig. 8. With fully 
compacted coal, the angle of repose increases rapidly and reaches 
90 deg at 3.6 per cent moisture. Consequently, at this and higher 
moisture contents, ratholing can occur in hoppers and bunkers. 
With an increase in moisture content above 3.6 per cent, it was 
possible to undercut the coal. At higher moisture ranges (above 
13 per cent), the wet mass of fully compacted coal had a tendency 
to bulge out. It may be stated therefore that the angle of 
repose for these conditions exceeds 90 deg, or, wording it differ- 
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ently, reaches negative values. From the investigations men- 
tioned, it is evident that it is important to use the steepest pos- 
sible angles, preferably 75 deg or more, in the design of coal chutes 
if moisture contents higher than 3 per cent are to be encountered. 
All of the tests have indicated that the degree of compactness or 
density of the coal greatly affects the flow characteristics. 
Density of Loose and Fully Compacted Coal With Various 
Moisture Contents. The 1-cu-ft box used in previous tests was 
filled repeatedly with coal of various moisture content, and the 
weight per cubic foot checked. These weights have been plotted 
for loose and fully compacted coal in Fig. 9. Starting from 1 per 
cent moisture content, the density of loose coal decreases until 
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it reaches its lowest value at approximately 7 per cent. Above 
7 per cent, it rises until at 15.75 per cent it again reaches the 
same density as at 1 per cent moisture and continues to rise. Some 
other granular materials, for instance, sand (3), show this same 
phenomenon of a point of minimum density at an intermediate 
moisture content. 

Effect of Moisture Content on Degree of Compacting of Coal. To 
gain a better understanding of the interrelation of moisture con- 
tent and degree of compacting, additional tests were made, and the 
information is plotted in Fig. 10. It will be noted that a definite 
relation exists between the lines on this graph and the information 
given in Figs. 8 and 9. With very low moisture contents, coal 
can undergo full compacting without reaching an angle of repose 
of 90 deg and, consequently, with such coal, ratholing is highly 
improbable. At 3.6 per cent moisture content and above, there 
is a definite degree of compacting that can take place before an 
angle of respose of 90 deg is reached. With increasing moisture 
content, this margin diminishes. 

Dynamic Angle of Repose. The tests described represent the 
angle of repose under static conditions which will differ from 
the angle of repose under dynamic conditions. Another series of 
tests was carried out in which the coal was permitted to fall 
through a 2-in-sq opening in the bottom of the l-cu-ft box. The 
angle of the cone formed by the loosely falling coal is plotted in 
Fig. 11. 

Angle of Slide of Coal With One Per Cent to 16 Per Cent Moisture 
Content on Various Metal and Nonmetallic Surfaces. The suita- 
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Fig. 13° Errecr or Moisture CONTENT ON ANGLE OF SLIDE ON 


PLANE SURFACES 
(Data obtained in manner illustrated in Fig. 12.) 


bility of various materials for coal chutes was studied. The 
angle at which coal will slide off these various materials is one 
indication. 

A large plate was arranged in such a fashion that it could be 
raised slowly from the horizontal position. Various materials 
were attached to this plate and equal amounts of loose coal care- 
fully placed along the top part of each material, Fig. 12. The 
angles of slide are plotted in Fig. 13. The variations in slide 
angle of the materials tested were within 3 deg with coal up to a 
moisture content of 8 percent. Above this point the graph shows 
breaks in the curves for glass, aluminum, and stainless steel. 
This change in characteristics is apparently due to the formation 
of a film of moisture on the surface of the material which permits 
the entire specimen of coal to slide as one mass. 

These slide tests represent unrestricted flow with one sur- 
face of contact. The influence of three contact surfaces was 
determined by using channel-shaped metal chutes, Fig. 14. 
This figure shows that the slide-angle curve for steel also has a 
maximum value. 

A series of experiments was also performed with cylindrical 
pyralin, glass, and steel tubes to determine the variations between 
the foregoing conditions and one in which no free surface of coal 
exists. 

Test points have been incorporated on the graph shown in 
Fig. 15, and an average curve has been drawn to show the trend. 
It will be noted that the angle of flow increases until it reaches a 
maximum at 10 per cent moisture and decreases thereafter. 

At least three types of flow have been observed in these experi- 
ments, which account for the nonuniform behavior in the inter- 
mediate moisture ranges, as shown in Fig. 15, and are as follows: 

Granular flow, in which there is distinct movement of one par- 
ticle with respect to the others, occurs with fairly dry coal. 

Plug flow, in which the whole column of coal moves as one mass 
with no apparent relative movement of individual particles, 
occurs at high moisture contents. 

With moisture contents corresponding to the trough of the 
“density-moisture curve,” Fig. 9, there exists a transition type 
of flow which resembles viscous flow. 

The transition from granular flow to plug flow cannot be clearly 
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defined and is influenced by the physical composition of coal. 
In this region of change in type of flow, it was difficult to obtain 
reproducibility in many tests. 

Flow of Coal in Pipes With Uniform and Enlarging Diameters. 
The wisdom of using pipes with constant increase in cross section 
in direction of flow (flaring pipes) has been long recognized, and 
measurements were made to establish the relative merit of a 
flaring pipe as compared with a pipe of uniform cross section. 
A piece of smooth steel tubing 9 ft in length and of a uniform 3- 
in. ID was set up at an angle of 60 deg and paralleled by a pipe 
of the same length but gradually enlarging from 3 to 4 in. ID. 
These pipes were carefully filled from the top and the coal was 
taken away from the bottom by means of a slowly rotating disk. 
The stoppage occurred in the 3-in. cylindrical pipe at 7 per cent 
moisture, while the tapering pipe was capable of carrying coal of 
any moisture content up to the limits of the test (16 per cent). 

Effect of Partial Obstructions of Outlets to Coal Chutes. Ob- 
servations were made on the effect of small obstructions on the 
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(The moisture content at which ateppage occurred was measured in con- 
centric steel cones of varying tapers, 2 in, diam at outlet and 12 in. high.) 


angle of slide in cylindrical steel tubes. It was noted that, above 
4 per cent moisture content, a very small restriction at the end of 
a pipe, either in the shape of a small segment, or in the shape 
of a minute annular ledge, was sufficient to raise the angle of 
slide to 90 deg, or even to prevent flow in a vertical position. 
This observation is particularly important since it indicates 
that a very small projection at a flanged joint can be the cause of 
stoppage. 

Side-W all Support of Column of Coal by Smooth Cylindrical Pipe. 
During the model tests, the vertical load that the coal exerted at 
the bottom of the chute system was measured. It was found to 
be equal approximately to the weight of a column of coal 1 diam 
in height. Basic tests were made to determine the influence of a 


PERCENT OF MOISTURE IN COAL 


Fie. 1S Convent Or Coan at Rivensipy 
(Cumulative per cent of weekly periods with moisture content of coal above 
given amoutts.) 
given head of coal in producing flow through a chute. For this 
purpose, a smooth S-in-diam steel cylinder, 86 in, long, was ar- 
ranged vertically in such manner that the bottom of the pipe was 
suspended over the platform of a scale without actually bearing 
on it. ‘This pipe was filled in successive steps to varying heights 
and tests repeated with samples of varying moisture content. 
At each step the weight of the coal borne by the scale was read 
to 0.01 Ib. The difference between this weight and the total 
weight of the coal in the pipe represented the support afforded 
by friction of the wall of the cylinder. It is significant that all 
curves, plotted in Pig. 16, show a fairly uniform rise up to 1 diam 
and then flatten out considerably, showing a very small gain in 
pressure on the bottom from additional height of column, With 
increasing moisture contents, each successive curve shows lower 
values and, after having reached minimum values at 8 per cent, 
begins to rise. ‘This is in close relation with Fig. 9, which shows 
the change in density of coal with varying moisture contents 
With fairly dry coal, approximately 80 per cent of the weight of 

the 386-in-high column is carried by static side-wall friction, 

Similar experiments were carried out with a flaring pipe, and it 
was noted that, while the bottom load was greater than for the 
cylinder, a large part of the load was still carried by side-wall fric- 
tion and the general trend of curves remained the same, Coa! 
which is confined in a vertical chufe will exert a thrust agains! 
the side walls and, consequently, create frictional components 
as long as the angle of the side walls to the horizontal is greater 
than the static angle of repose of the coal. 

Constricting Chutes or Hoppers. In the model of the existing 
chute as well as in the field, it has been observed that the hoppers 
were focal points of trouble. For the development of a new de- 
sign, it became necessary to assemble basic data on the flow of cou! 
through hoppers with various degrees of constriction, shape, and 
size. 

The curve representing the moisture content at stoppage in 
cones of varying tapers increases rapidly with the increase in 
steepness of cones, Fig. 17. With the sharp-angle cones it was 
possible to re-establish flow by further increase in moisture con- 
tent. The pronounced effect of compacting on the stoppage o! 
coal in hoppers may be seen by a comparison of the two curves in 
this figure. 
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A number of eccentric cones with one vertical side were also 
investigated but it was found that, for equal chanve in cross 
section, the concentric cone gave slightly better results. 

In order to obtain further indications on the trend of the scale 
effect, three cones of equal taper (Lt in. per ft) but with succes- 
sively increasing dimensions were also investigated. this 
series it was found that a cone having 2 in, PD at the small end, a 


height of 12 in, and 4in, PD at the large end would produce stop- 


page with loose, 7 per cent moisture coal. The next larger cone 
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Fie. 19) First Sree in Revesian or Horreer BeLow Orrratine 
LeveL 
(Lateral transition in plane of view eliminated; transition normal to view 


maintained, Coal stuck at bottom of hopper.) 
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with 4-in. base and 8-in. top diam, 24 in. hizh, stuck at 9 per cent 
moisture, and the largest cone, varying from 6 in. to 12 in. ID, 
36 in. high, failed to function at 11 per cent moisture. 

Effect of Adlition of Oil and Wetting Agents on Flowing Proper- 
ties of Coal. The use of admixtures to lubricate the sides of a 
chute was considered and various experiments were made to es- 
tablish the effect of oils and wetting agents. No appreciable 
improvement of practical value was obtained with these admix- 
tures. 


SeconpD Srer in Repesien or Horprer BeLtow 
LEVEL 


(View in direction at right angles to Fig. 19. Lateral transition in one plane 
only accomplished by streamlining.) 
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With the basic data available as explained, it was decided that 
improvement to the existing chute system could be accomplished 
without change in the arrangement and controls of feeders 
or without alterations of any main structural members or me- 
chanical equipment. 

From the shape ef the curve showing variations in moisture 
content of coal during the operating year, Fig. 18, it may be 


Fig. 21 STREAMLINED’? MopEL 


(Lateral transition above operating level accomplished 
by reverse bend in flaring chute.) 
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seen that a moderate improvement in chute performance actually 
represents a considerable decrease in the number of days in which 
trouble may be expected. It was with this thought in mind that 
the redesign of the experimental coal chute was begun. 
Successive steps of new design incorporating certain features, 
to be mentioned, were tried in model form. Essentially these fea- 
tures are intended to approach streamlined flow of the coal simi- 
lar to the flow of fluids in an efficiently designed system and are: 


Fig. 22. Mopiriep “STREAMLINED”? 


(Lateral transition above operating level accomplished 
by single bend in flaring chute.) 
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1 Avoidance of sudden constrictions and sharp changes in 
direction. 

2 Minimum angles of convergence of lines of flow, preferably 
approaching zero. 

3 Minimum practical taper in hoppers. 

4 Maximum possible angle of inclination with horizontal 
throughout the system. 

5 Use of round shapes in preference to square or rectangular 
shapes. 


Fig. 23. Ovat Cone Hopper 


(Showing single cone encompassing both bunker gates and having mini- 

mum taper which still clears obstructions. Flow can be restarted only 

with? great difficulty after a stoppage occurs. Upper portion of model 
(made of sheet metal for simplicity of fabrication and strength.) 


‘forces the coal into a two-directional lateral transition. 
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Since existing space limitations in the plant had to be taken 
into consideration and the design modified to suit these condi- 
tions, it was not possible to apply fully the ideals outlined. 
Description of Design Changes as Tested. The first problem 
encountered was the hopper below the operating floor (eleva- 
tion 31 ft 6 in., Fig. 2). In the present chute system, this hopper 
This 
double transition causes the greater part of the hopper space to be 
inactive. The first changes that were tried were the elimination 


Fie. 24 Y-SHapep 
(Fabricated from flaring tubes. Use of a symmetrical Y was not Possible on 
account of obstructions. Flow obtained was more rapid in right side than in 
left. First point of stoppage was at point at conveninens 
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Fie. 25 Exampite or SymMerricaL ConicaL Hopper SEcTIONS 


(Long cones of slight taper used to accomplish convergence of flow and transi- 
tion to single pipe. Difficult to relieve stoppages occurring in long cones.) 
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Fie. 26 or Use or Orrset Conzs 


(A study to determine behavior of offset cones as a means of accomplishing 
lateral transition.) 
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of one transition in the hopper by shifting it to the chutes above, 
and the use of a conical hopper of small taper, Fig. 19. Further 
alterations led to a fully streamlined hopper with a lateral transi- 
tion in one plane only, Fig. 20. 

From the underside of the coal bunker to the operating level, 
the design possibilities were limited by the following facts: 
The existing coal gates for this system of chutes are spaced 8 ft 
apart and cannot be changed. The location of the top of the 
hopper below the operating floor has already been set by virtue 
of existing structural members and various piping below this floor. 
In addition to this, there are some main structural members 
approximately halfway between the operating floor and the 
bunker. 

To accomplish the necessary lateral transition, a number of 
flared circular sections were tried, first with a reverse bend, Fig. 
21, and then with a single bend and straight section, Fig. 22. 

Above this section of pipe, the problem still existed of bringing 
two streams of coal together, and a series of successive shapes led 
to the development of the completely streamlined model shown 
in Fig. 21. 

Altogether 40 setups were tested covering the full range from a 
large long hopper section spanning over both bunker gates at 
the top, Fig. 23, to the extreme of two pipes leading from the 
coal gates in the most direct manner possible down to the hopper 
at the operating floor, Fig. 24. These various setups are in part 
depicted in Figs. 25 to 27, inclusive. 

The fully streamlined model which had been assembled and 
tested to explore the theoretical solution to the problem was not 
regarded as practical from an engineering standpoint. Since 
nearly every component part consists of double-curvature shapes, 
the difficulties encountered in building the model might easily 
be multiplied in the actual fabrication of a prototype. The 
model shapes became so sensitive that the slight distortion 
which the plastic pyralin model underwent during hot humid 
weather immediately reacted on the ability of the system to carry 
wet coal. Considerable effort was devoted to the problem of 
simplifying these shapes to a point where manufacture would 
be feasible and operating effectiveness would be maintained. 
The final results of these tests are shown in Figs. 28 and 29, 
which represent essentially the chute that has been ordered for a 
full-scale test in the plant at Riverside. 

Discussion of Special Shapes and Problems. Several individual 
problems of interest to the designer were encountered in these 
tests. In the model of the existing chute, the coal had a tendency 
to hang up at the transition from the rectangular chute to the 
hopper below the operating level. This difficulty was especially 
noticeable where the flow from the rectangular chute was directed 
against a slanting side of the hopper below. Where this hopper 
stepped back, permitting the coal to fall away from the end of the 
chute, less trouble was encountered. This observation led to the 
development of the “breakaway,” which consists of a free space 
surrounding the lower end of a chute or hopper, thereby per- 
mitting the coal flowing from the chute or hopper to break away 
freely in all directions, Fig. 30. This feature permits a sudden 
change in direction and has the added advantage of tending to 
counteract compacting. This device has been employed either 
wholly or partially in three locations in the new chute system. 

The data gained in the cone experiments indicate that the 
behavior of a separate conical hopper will differ from one incor- 
porated in a chute system. Tests carried out in the development 
of the new model further indicate that the performance of such a 
hopper depends on its relative position within a system, since 
this will govern the amount of compacting the coal undergoes. 
In general it may be stated that cones of a slight taper, while 
permitting free flow as an individual unit, show a tendency to 
compact the coal by their powerful wedge action when they be- 
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Fig. 27. Scaematic OUTLINE oF Varrous Test ASSEMBLIES 


come part of the system, and whenever the ratio of their lengths 
to smallest diameter exceeds approximately 2. On the other 
hand, short cones of moderate slope work fairly well as long as the 
ratio of their lengths to smallest diameter does not exceed 1.5 to 2. 
Concentric cones have an advantage where it is desired to achieve 
a reduction in cross section while eccentric cones can be employed 
effectively where both lateral transition and reduction in area are 
required. Consequently, both have been employed in the final 
design. 
CoNcLUSIONS 


The results of observations given in this paper apply to the 
particular coal tested and, for similar coal the graphs should be 
interpreted as indicating probable trends, rather than definite 
values. 

The tests have demonstrated that phenomena occurring in a 
chute system can be reproduced in a scale model. 

Application of principles developed in these experiments can 
lead to improved chute design. 

Compaction of coal is one of the most important factors in- 
fluencing the operation of a solidly filled chute system. An angle 
of repose of 90 deg may be reached at relatively low moisture 
contents if the density of coal is increased through impact or 
wedge action. Since coal must undergo a certain amount of 
compacting in any composite system, there exists a limit in mois- 
ture content at which the chutes can be depended upon to operate 
without stoppage. The possibility of coal stoppage must be rec- 
ognized, and therefore the ease of re-establishing flow should 
be considered in the development of a design. 
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Fig. 28. Mopeu or DEsiGn 


(Upper hopper and converging section fabricated from 
pyralin-lined tinplate.) 


Fig. 29 View or Finau Design Hoprer 
BELOW OPERATING LEVEL 
(Offset at upper portion was necessitated by obstructions.) 
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Fig. 30 Scuematic Skercu or “BREAKAWAY”’ 
(Typical flow of coal at change in direction.) 


[t was concluded that the following points should be incorpo- 
rated in the chute design. The shortest possible path from the 
coal bunker to the mills should be maintained. Tapered (or uni- 
formly enlarging) round chutes should be used wherever possible. 
Where two streams of coal must be brought together, this should 
be accomplished with a minimum angle of convergence. If a 
sudden change in direction cannot be avoided, the introduction 
of a “breakaway” to help the coa] to realign itself should be 
utilized. All angles of chutes should be made as steep as possible 
and reductions in cross section kept to a minimum. 

The application of all points mentioned in the foregoing has re- 
sulted in a model design which showed sufficient improvement 
over the model of the existing chute to justify the construction of 
a full-sized chute for development of actual field experience, Fig. 
31. 

This investigation has concerned itself entirely with the pos- 
sibilities of improving flow of coal in an existing chute system and 
does not take into account the problem of maintaining uninter- 
rupted flow of coal from bunker to chutes, but the latter is now 
under investigation. 
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Heat Transfer From a Baffled-Finned 
Cylinder to Air 


By A. W. LEMMON, JR.,! A. P. COLBURN,? ano H. B. NOTTAGE?’ 


Air-cooled aircraft-engine cylinders utilize extensive 
finned surface to permit maintenance of proper metal tem- 
peratures with high rates of heat transfer occurring at high 
engine power outputs. The process of heat transfer to 
the flowing air stream differs from that of usual finned 
tubes not only in size of the cylinder but also because 
baffles are utilized which force all the air to pass through 
the fin spaces. Because of this latter difference, data on 
finned tubes in general do not apply. Therefore, special 
tests have been carried out to establish the mechanism of 
heat transfer in this case and to provide a generalization 
of the data useful for design. The work was carried out at 
the University of Delaware in conjunction with a Pratt & 
Whitney Aircraft heat-transfer research program. The 
experiments were conducted on a typical section of an 
aluminum finned cylinder barrel. The cylinder was 
heated by an internal electrical heater. Temperatures 
were measured not only of the entrance and exit air stream 
but also at eight points, equally spaced circumferentially, 
in the base metal. The results were interpreted by com- 
parison with heat-transfer relations for flow inside con- 
duits. The maximum heat-transfer rates were in close 
agreement with these relations although the average rates 
were lower owing to the decreased cooling-air velocities 
over the front and rear fin surfaces outside of the baffled 
portion of the cylinder. The over-all pressure drop is 
shown to be about double the estimated frictional resist - 
ance; the inlet and exit losses provide an explanation. 


NOMENCLATURE 


THE following nomenclature is used in the paper: 
A, = cylinder fin-base area (based on outside diameter of 
base), sq ft 
Acs = cross-sectional area for flow in cylinder fin spaces, sq ft 
Ay = total external heat-transfer surface of cylinder, sq ft 
C = heat capacity of humid air mixture, Btu/(Ib) (deg F) 
Deq = equivalent diameter of finespace, ft 
Ey = pumping horsepower 
G = mass velocity, lb/(hr)(sq ft) 
= dimensional constant, 4.169 10° ft/hr? 
h = mean surface conductance per unit of Ay, Btu (hr) 
(sq ft) (deg F) 
h, = “local’’ surface conductance per unit of Ay, Btu/(hr) 
(sq ft)(deg F) 

' Research Fellow in Chemical Engineering, University of Dela- 
ware, Newark, Del. Present address, National Defense Research 
Committee, Washington, D. C. 

2 Professor of Chemical Engineering, University of Delaware. 
Mem. A.S.M.E. 

* Project Engineer, Pratt and Whitney Aircraft, East Hartford, 
Conn. Jun. A.S.M.E. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 27-Dec. 1, 1944, of Tue 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


Py = total power loss per unit of Ay, ft-lb/(hr)(sq ft) 
APs = baffle pressure drop, in. HxO (APse = lb/sq ft) 
lavg = average air temperature across cylinder, deg F 
t, = average fin-base temperature, deg F 
tmax = Maximum (rear) fin-base temperature, deg F 
ti, 2, ete. = observed fin-base temperatures, deg F 
At,, = arithmetic-mean temperature difference, average fin- 
base temperature to average air-stream temperature, 
deg F 
reference mean temperature difference, deg F ( Ato = 
100) 
mean temperature difference ratio, At,,/ Ato 
over-all heat-transfer conductance per unit of A,, Btu 
(hr) (sq ft)(deg F) 
“‘local’”’ value of U 
air flow rate, lb per hr 
air density, pef 
air density at average temperature and pressure across 
cylinder, pef 
= density of air at 70 F, and 30 in. Hg, pef (po = 0.0753) 
= over-all pressure loss coefficient, Equation [5] 
= viscosity of air at average air temperature across 
cylinder, lb/(hr) (ft) 
Np, = Prandtl number, Cu/k 
Nre = Reynolds number, DegG/u 
Ns: = Stanton number, h/CG 


INTRODUCTION 


Problems of designing a fin-and-baffle system to be fitted to 
cylindrical sections of the size employed as air-cooled aircraft- 
engine cylinders have recently become of critical importance. 
Adequate design requires a foundation of fundamental and gen- 
eralized data from which any desired performanee requirements 
may be met. 

Since the publication of earlier preliminary work (2, 4, 7, 8)* 
along these lines, the general conception of the nature of the proc- 
esses and problems prevailing in an extended fin-and-baffle sys- 
tem has considerably advanced, and improvements in experi- 
mental equipment and techniques have been made. On both of 
these counts, further experimental studies to permit extending 
the accuracy and range of the available design data have been 
needed, together with a broadened fundamental basis for general- 
izing the behavior of this type of heat-transfer system. Pre- 
liminary studies of the problem have suggested that the proc- 
esses within the fin flow passages, where effectively all of the heat 
transfer takes place, can be treated most satisfactorily and com- 
prehensively in terms of their relation to the established data on 
heat transfer in straight tubes or passages; all with due allowance 
for the effects of the extended-surface boundaries of the passages 
and the particular nature of the flow system both within the 
baffle section and at the front and rear points where the stream 
enters and leaves. 


4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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In this paper are presented the results of experimental study 
and analysis for an actual aluminum-finned section of an aircraft- 
engine cylinder barrel, fitted with representative baffles and 
tested under controlled conditions of uniform internal electrical 
heating and smooth approaching air flow, as well as of visual-flow 
observations which aid in understanding local effects. These 
results have been given fundamental study and interpretation, 
with particular emphasis upon the role and importance of local 
point-to-point conditions in the heat-transfer and flow processes. 


DESCRIPTION OF EXPERIMENTAL ARRANGEMENT 


Requirements for the experimental system were based on 
the need for a flexible assembly yielding reproducible results 
with a simple operating control. General features decided upon 
were the following: 


1 A once-through air-duct system, arranged with a free room- 
air intake to the test cylinder. 

2 A test section to contain the cylinder and baffle assembly 
being studied, arranged for simple removal and adjustment, and 
with effective heat insulation. 

3 An electrical heating element to fit snugly within the test 
cylinder and permit ease of heating control. 

4 Measurement of the temperature, pressure, and moisture 
content of the intake air. 

5 Measurement of the static pressure drop and temperature 
rise of the air passing across the test cylinder, which latter requires 
a downstream mixing section to obtain the mixed-mean air tem- 
perature, and the use of effective over-all heat insulation. 

6 Measurement of the temperature pattern about the base of 
the test cylinder by means of thermocouples installed within the 
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base metal, with the junctions and adjacent sections of leads in 
isothermal zones. 


An over-all dimensioned sketch of the duct system constructed, 
showing the points of static pressure and temperature measure- 
ment for the air stream, is given in Fig. 1. 

Cylinder and Heater Assembly. Plan dimensions of the finned- 
eylinder and baffle installations are given in Fig. 2. The baffle 
was made of sheet metal, held in place by wooden blocks. De- 
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Fic. 2. View or FIN-AND-BAFFLE ARRANGEMENT 


tailed dimensions of the finned test cylinder are given in Table 1 
The fins on the test cylinder were lathe-turned from a forged 
blank of Aleoa A518-T aluminum, having a nominal thermal con- 
ductivity of 99.2 Btu/(hr)(ft)(deg F) at 100 deg C. The alumi- 


TABLE 1 GEOMETRICAL DATA ON FINNED TEST CYLINDER 


Axial length of test cylinder at fin base, in..............2..0005 25/s 
Root diameter of fins, 63/16 
Thickness of cylindrical fin base, 3/32 
Fin thickness at tip, 0.02 
Center-line spacing of fins, in. 0.141 
Base area of fin- root cylindrical 0.349 
Total Gn side-suriace aren (AJ), 0G fb... 6.67 


Cross-sectional area of flow fins, measured on 

diameter with tight baffles (Acs) ee 0 0 
Equivalent diameter of fin passages uve 0.202 
Equivalent diameter of fin passages (Deq), ft.........000055555 0.01683 


TABLE 2 SPECIFICATIONS OF HEATER 


Wire gage....... . B&S. 18 
Number of coils 

Length of each close-wound coil, in................ee0005 61 

Length of each stretched coil, 87 
Resistance of each coil (cold), 22.4 
Resistance of each coil (400 F), ohms...............00008 23.0 
Amperage of each coil at 250-v rating, amp. 9.2 


Total heat-release rate from heater at maximum ‘output, w. 4600 
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Fic. Test Section SHowinG HEATER AND Test CYLINDER 


num machined surface was given a protective anodizing treat- 
ment before testing. The baffles were installed in contact with 
the fin tips. 

The method of arranging the heater in the test cylinder is 
shown in Fig. 3. The heater consisted of two coils of chromel 
wire, each rated at 2 kw for 250 v. These coils were wound 
spirally on a core which was built up from !/.-in. sheets of trans- 
ite. Larger end disks of transite were attached to this core and 
fitted tightly to the base section of the test cylinder, so that the 
uppermost and lowermost fin-side surfaces were exposed to an air 
stream of slightly less than one half of the cross section between 
normal consecutive fins. Power for the heater was furnished by 
two 125-v 3-kw motor generator sets. The generator voltage 
was controlled through variable-field rheostats. The transite 
end disks on the heater assembly serve as an effective initial 
barrier to endwise heat leakage. The entire assembly was com- 
pletely wrapped in a blanket of 4-in-thick glass wool before test- 
ing. 

Mixing Unit. The mixing unit was located in the transition 
duct between the test and metering sections. This consisted of a 
three-piece disk-and-doughnut section with the disk in the mid- 
dle, each piece spaced 6 in. from the next. The disk and the 
holes were each 4 in. diam. 

Metering Section. Fig. 1 shows the over-all dimensions of the 
metering section. The 4-in. orifice in the 6-in. pipe, carefully 
installed according to the Fluid Meters Report (1) with so-called 
vena-contracta taps, was considered to have a flow coefficient of 
0.684 (including velocity of approach factor) without supple- 
mentary calibration. 

Instrumentation. The heater power input was determined by a 
direct-current voltmeter (0-150 v) and ammeter (0-25 amp), both 
instruments being accurate to 0.5 per cent of full scale deflection. 
The voltage taps were connected directly to the heater terminals. 

The statie pressure drop from the room to the tap just before 
the test section, and the static gage pressure at the metering 
orifice were read to 0.1 in. on vertical U-tube water manometers. 
The static pressure drops across both the baffled and sealed-in 
test cylinder and the metering orifice were obtained with Type-B 
Uehling draft gages, graduated to 0.01 in., in the range below 1 in. 
H,0; and for the higher range, U-tube water manometers were 
employed, graduated to 0.1 in. 

All thermocouples were made from Leeds and Northrup se- 
lected, 28-gage iron-constantan duplex-insulated wire. The ther- 
mocouple emf’s were read on a Leeds and Northrup portable preci- 
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sion potentiometer, Type 8662. Single thermocouples were 
employed to measure the air temperature in three locations: (a) 
Directly beside the intake-air thermometer, as a check thereon; 
(b) close behind the last “doughnut” of the mixer, with provision 
for traversing, to determine the mixed-mean heated-air tempera- 
ture; and (c) in the discharge stream from the metering orifice, to 
establish the air temperature for calculating the flow rate. Meas- 
urements of the metal temperatures in the cylindrical base sec- 
tion of the finned test specimen were accomplished by the use of 
thermocouples, the junctions of which were installed in the bot- 
tom of small holes drilled in axially to the mid-section of the 
cylinder base from one end. Eight of these thermocouples were 
installed around the muff, spaced every 45 deg. 


EXPERIMENTAL PROCEDURE 


Thorough precautions were taken when assembling the heater 
and finned cylinder to insure a tight fit and seal against all 
possible air leaks. Room drafts were not allowed during a test, 
in order to insure constancy of the air source and the surround- 
ings. 

Each point required the setting of a heater power and an air- 
flow rate. Once this was done, conditions were held constant 
until a steady state was assured. A normal test then consisted 
of four sets of readings, taken at 5-min intervals, of the inlet and 
heated-air temperatures, the orifice-air temperature, and of the 
heater power; and one set of readings of the other variables. 
The readings taken only once included the metal temperatures, 
the pressures, and the wet- and dry-bulb temperatures of the inlet 
air. When making calculations, the readings which were taken 
four times were averaged for purposes of analysis. 

No test point was accepted until its heat balance had been 
judged satisfactory. All data retained were within the maxi- 
mum limit of 10 per cent difference between the rate of energy 
reception by the air stream and the heater power input. 


MeErTHODs OF CALCULATION 
Air-Flow Correlations. Mass flow rates and Reynolds numbers 
were calculated from the following relations 


G = W/Acs and Nre = DeqgG/u 


The values of » were taken at the average air temperature across 
the muff; these values were obtained from the Fluid Meters 
Report (1). 

Pumping horsepower, the total power required to pump air 
through the muff with negligible kinetic-energy and density 
changes, is calculated from the relation 


W APsp 


Enp = 33,000 X 60 pve 
and since 
= 62.3 APpi/12 
Eup = 2.62 X 10-*W (2) 


For purposes of correlation in order to present Epp as a function 
independent of density, this term is multiplied by the factor 
(pave/po)?. 

Over-all power loss per unit surface area, also multiplied by 
(pave/po)?, is calculated as follows 


62.3W Pave 


F av, 2 = 
r(p pe) 12p0? Ay 


The over-all pressure-loss coefficient is evaluated by an expres- 
sion similar to that for the friction factor in smooth pipes. Since 
in this study it was not possible to measure the pressure drop 
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, TABLE 3 HEAT-BALANCE DATA 
-—Heat Rates, Btu per Hr— Per 
Elec- cent 
Run Air flow, Air tem trical To air Heat heat 
no. lb per hr rise, deg input stream lost lost 
1 1390 19.6 6714 6617 97 1.45 
2 1404 23.5 8568 8028 540 6.30 
4 3 1418 14.5 4936 5000 —1.31 
4 1433 8.7 3190 3031 159 4.96 
a? y, 7 1116 15.1 4298 4097 201 4.69 
t 8 990.0 16.0 4097 3852 245 5.98 
2 A 9 723.6 23.1 4439 4064 375 8.44 
AB’, 10 561.6 13.2 1764 1789 —25 —1.43 
os is 558.0 19.3 2722 2614 108 3.97 
° 7 12 547.2 35.2 4856 4684 172 3.56 
£2 13 540.0 51.5 6840 6728 112 1.63 
7 14 532.8 68.5 8978 8834 144 1.60 
2 17 1019 7.1 1742 1760 —18 —1.03 
xr VA 18 756.0 9.5 1728 1746 —18 —1.04 
< 19 565.2 12.5 1732 1717 15 2.91 
d 20 392.4 16.1 1681 1526 155 9.20 
ra 21 993.6 6.4 1667 1544 123 7.35 
Y 22 554.4 12.4 1696 1670 26 1.48 
§' 23 381.6 17.6 1678 1786 —108 —6.44 
eo 24 982.8 17.7 4532 4230 302 6.67 
2 25 302.0 61.3 4655 4464 191 4.10 
£ 26 174.2 102.7 4630 4309 321 6.93 
L 
WY, TABLE 4 FIN-BASE TEMPERATURES 
Run temperature, deg 
L no. «45° 90° 180° 335° 870° 815° 
Y 1 124.0 120.6 116.1 125.6 159.3 142.0 135.0 124.0 
ay 133.3 129.1 124.6 136.1 178.6 153.5 144.0 133.4 
Y 3 104.6 102.1 98.9 106.5 133.2 120.6 116.5 106.3 
/ 4 91.6 89.2 86.4 90.2 110.2 103.6 100.2 92.0 
7 111.4 108.8 106.6 113.5 137.4 125.9 120.5 110.6 
121-4 118.8 1287 183.6 138.8 120.0 122.4 
Overall Conductance, U. Btu/hr-sqft-F 10 95.4 94.6 94.7 2:4 110.9 105.4 101.6 97.0 
ConpucTANCE 13 164.1 162.1 164.4 183.6 225.7 195.7 173.9 165.4 
14 190.2 188.2 192.3 217.6 271.6 231.8 202.6 192.0 
due the static has been 19 99.1 98.2 99.2 108.8 118.1 109.0 104.8 100.5 
employed for the purpose o nin inde 20 
— P the over-all 21 87.4 85.9 84.6 87.3 99.2 95.9 93.3 88.6 
flow loss which could be compared to the friction factor for flow 22 92.3 91 6 92.3 96.7 108. 2 102.3 98. i 93.5 
23 95.5 95.0 97.3 103.0 115.0 107.3 101.2 96.5 
inside conduits, the friction factor as usual being defined as 24 113.9 111.5 110.5 118.1 143.6 130.1 122.4 115.0 
25 146.0 146.3 155.4 175.1 209.6 183.8 160.1 148.4 
Ae AP 26 170.9 172.5 192.7 220.8 256.9 227.0 193.3 172.2 
2 JPave 
f/2 = ne ee (4) * At upstream center of test cylinder; other angles clockwise from this 
point. 
where AP = frictional pressure drop. In this 300 
case where only the over-all pressure drop is 
known, the pressure-loss coefficient is caleulated 
by the analogous equation _ 
y eq ~ “fod | 
Jc Pave Acs AP ap fo 
6/2 = 995 £3009 
X 108 pavg AP wi/G?..... [5] 
Heat-Transfer Coefficients. The mean tem- = 
perature difference used in calculation of the 
heat-transfer coefficients in this study has been | 
taken as that prevailing betweenthearithmetic- 2 ee ‘ 
average metal temperature indicated by the 0, 4, ~~ r 
thermocouples in the base of the muff and the | A | a J 
average air temperature. The over-all unit 30, a = 
heat-transfer conductance U is then calculated S at 
by the relation 
Magnitudes of the mean unit surface conduct- 
ance A are obtained from the over-all con- too : 
as 100 200 300 


ductance according to the method of Harper 
and Brown (5) for tapered annular fins. 
Fig. 4 shows the relation between U and h cal- 
culated for the dimensions of the test cylinder. 
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TABLE 5 CORRELATION DATA 


Air- 
Mass 
Pressure Average velocity, 
Run drop, Reynolds 
i f h number 


PT(pava/ po)? 


AP Bpave/ pe ft-lb/ (br) 


in. 


H:0 (sq ft) 


01198 


TABLE 5 (Continued) CORRELATION DATA 


flux 
let Qe’ Ad), U, h, 
Inle Btu Atm, Over-all Surface 


deg F (hr) (sq ft) deg F coefficient coefficient U(Alr)*# 


80.6 38.3 
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The so-called “local” values of the unit over- 
all conductance U, were calculated on the basis 
of an assumed uniform heat flux to all sectors 
of the cylinder and the actual measured fin- 
base temperature distribution. These local 
values apply at the various angular positions. 
Assuming a linear temperature rise of the air 
through the fin passages, these data then al- 
low the local fin-root-to-air temperature differ- 
ence to be established, from which the local U, 
follows. Fig. 4 then yields the corresponding 
value of h,. The values of h, are average values 
across the radius of the fin for various angular 
positions. 

The remaining calculations need no fur- 
ther explanation. Complete details are sum- 
marized in Tables 3, 4, and 5. 


OBSERVED RESULTS 

Mazimum and Average Base Temperatures. 
The variation of the maximum (rearmost in 
these tests) and average temperatures of the 
fin-base cylindrical section is represented in 
Figs. 5 and 6, as a function of the over-all 
static pressure drop across the test section, with 
the base heat flux as a parameter. The state of 
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the inlet air is, in this instance, taken into account through the 
definition of the co-ordinates, that is, the metal temperatures 
are represented as differences with respect to the initial air tem- 
perature, and the air density is included in the adjustment of 
the pressure drop to standard density by means of the ratio of the 
average density to the “‘standard” value chosen. The points as 
plotted are adjusted to ‘‘smoothed”’ values of heat flux according 
to the assumption that temperature difference is proportional to 
heat flux. These curves illustrate the familiar condition of de- 
creasing return, in the form of metal-temperature reduction, as 
the air-flow rate is increased with the heat-dissipation rate re- 
maining fixed. 

Demonstration of Effect of Baffles on Temperature Distribu- 
tion. In order to illustrate the need for baffles around a finned 
cylinder of the dimensions tested, if the temperature distribution 
is to be kept within bounds, reference is made to Fig. 8. Com- 
parative base-temperature distributions are presented for baffled 
and unbaffled cylinders for a fixed air-inlet temperature and with 
the over-all heat-dissipation rate being nearly the same. These 
patterns demonstrate that the air simply will not flow properly 
around and in-between the relatively deep fins on the rear of the 
test cylinder without the guiding influence of baffles. 

Relation Between Air-Flow Rate and Over-All Static Pressure 
Drop. While it is the mass flow of air which accomplishes the 
transfer of heat, it is the over-all total pressure drop which repre- 
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sents the flow-energy ‘potential’? which must exist in order to 
cause the flow of air. For these tests the total and static pressure 
drops are essentially the same. The relation between the flow 
rate and the static pressure drop thus becomes an important step 
in establishing or predicting performance. Fig. 7 presents these 
data on an over-all basis for the test system. The mass velocity 
through the fin passages is also included because of its funda- 
mental role in characterizing the heat-transfer and flow processes 
in the fluid stream. 

This treatment of the data implies an effective constant density 
for the air stream at the average temperature and pressure across 
the test cylinder. It is fully recognized that this approximation 
has a limited range of validity, and that density variations and 
component flow losses entering, through, and leaving the fin 
passages need to be considered in this problem. 

Visual Flow Pattern. Before taking up the fundamental corre- 
lations, it will be helpful to consider the behavior of the flow 
stream with respect to the flow problems relating to the tempera- 
ture patterns presented. 

Figs. 9 and 10 present typical flow patterns obtained in a 
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special visual apparatus with a full-scale installation of a section 
of the test cylinder. A slurry of aluminum powder in water is 
employed as the photogenic flow medium. Similarity to the air- 
flow case is characterized by maintaining comparable magnitudes 
of the Reynolds number in the fin flow passages. 

By comparing the two illustrations, representative of high and 
low flow rates, it may be observed that no noticeable discontinui- 
ties of flow behavior need be expected within the range covered. 
The difference between water, behaving as an incompressible 
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fluid, and air, a compressible fluid, is recognized; but this is no 
handicap for qualitative purposes in the range of air tests covered. 

A careful study of the flow pattern will show up such details of 
interest as: (a) Flow around the entrance lip of the baffle with 
some separation to be noted; (6) partial stagnation and turning 
of the flow approaching the cylinder “‘head-on;” (c) traces of the 
secondary radial-flow component as the flow develops within the 
curved passage covered by the baffle; (d) abrupt separation of 
the flow from the base cylinder near the end of the baffle coverage; 
(e) the large eddy-stagnant area over the rear of the fins; (f) inter- 
action of the two jets behind the cylinder; and (g) eddy dissipa- 
tion in the section of abrupt fluid shear as the jet passes through 
the downstream region of “‘still’” fluid to lose eventually its excess 
of directed kinetic energy. 

Since an effective transfer of heat from a surface by a fluid 
stream requires a clean and rapid “sweeping’’ of the surface at all 
points, the nature of these visual flow patterns would indicate 
that the finned surfaces of the test cylinder are subjected to par- 
ticularly unfavorable heat-transfer conditions within the eddy- 
separation zone over the rear, and to a lesser extent in the stagna- 
tion region over the front. These unfavorable conditions are 
accompanied by related undesirable distortions of the tempera- 
ture distribution. 


FUNDAMENTAL HEAT-TRANSFER AND FLOW CORRELATIONS 


Mean Unit Over-All Conductance and Its Variation With Air- 
Flow Rate and Heat Flux. The mean unit over-all conductance, 
as calculated in these studies, covers many component influences 
of local conditions. The approach employed here need not be 
accepted as final, particularly in regard to the definition of the 
effective over-all mean temperature difference which has been 
invoked. The over-all arithmetic mean implies that the eylinder- 
base temperature is either constant or of linear variation from 
front to rear, that the rate of heat gain by the cooling air stream 
is the same for each unit of the circumference swept over from 
front to rear, that the fin effectiveness has the same value at all 
points about the cylinder, and that there is no radial variation of 
air temperature at any point around the cylinder. It is to be 
recognized that these conditions may be met only to various de- 
grees of approximation in the actual cylinder assembly. 

Without more detailed experimentation, it is possible to 
establish the effect of these approximations only indirectly 
through calculations and cross-checks of the data correlations. 
To begin with, under the idealizing postulates the mean over- 
all conductance would be desired to be a function of the air-flow 
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rate and fluid properties only. This thought was investigated 
through the checking of data obtained at constant heat dissipa- 
tion and varying air flow by cross-runs at constant air flow and 
varying heat dissipation. It was determined in this way that 
the mean over-all conductance, as defined, was a function of both 
the air-flow and heat-dissipation rates, the fluid properties re- 
maining essentially constant. 

Fortunately, the influence of the heat-transfer rate on the 
over-all conductance was found to be small. It was decided to 
represent this influence empirically as a correcting function of 
the mean temperature difference raised to some power, which 
was found to be —0.10 for these tests. Fig. 11 shows the data 
on which this observation is based. Thus in all correlations 
involving the over-all conductance as a function of the air-flow 
rate, it is necessary to remove the scatter occasioned by different 
heat-dissipation rates by plotting not the conductance U, alone, 
but the product U(At,,/ Ats)®-!°. The factor Af is an arbitrary 
constant reference temperature difference, taken as 100 F. Fig. 
12 shows the corrected mean unit over-all conductance repre- 
sented as a function of the mass velocity in the fin spaces for the 
test conditions. This unusual effect of temperature difference in 
turbulent flow points to new factors involved in this type of 
apparatus. These are believed to include the effects of non- 
uniformity of flow and temperature in the fin spaces. 

Calculated Mean Unit Surface Conductance and Its Variation 
With Air Flow and Heat Flux. Next, turning to the mean unit 
surface conductance h, it is expected that similar approximations 
apply, particularly since the surface conductance is calculated 
analytically from the over-all conductance. But since the rela- 
tion between the mean over-all and surface conductance is not 
one of direct proportionality, the resultant effect would be of a 
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slightly different magnitude in the two cases. In Fig. 11 the 
sanie empirical approach is shown, establishing the mean unit 
surface conductance to be proportional to the —0.16 power of 
the over-all mean temperature difference employed. 

Before discussing the correlation of this calculated conductance, 
it may be well to consider more closely the method and inherent 
limitations of its determination. The Harper and Brown (5) 
procedure is judged to be the most satisfactory analytical means 
currently available for relating the over-all and surface conduct- 
ances. But the present data have the limitation of dealing only 
with mean values. Mean values offer difficulties of generalized 
extrapolation for systems which are not dominated by fully de- 
veloped flow and thermal fields. The finned-and-baffled-cylinder 
studies have flow and thermal fields which are strongly influenced 
by upstream and entrance-flow conditions, passage curvature, 
variations in fin-surface temperature, flow separation, and stream 
interaction at the exit. Large variations locally in the unit sur- 
face conductance would be expected under these conditions, so 
that any mean value would be unfair to the best local performance 
and overly favorable to the poorest local performance. Pre- 
liminary results of analyses dealing with the calculation of local 
radius-mean conductances will be reported in this paper to sup- 
port the fundamental inadequacy of over-all mean data. 

The mean unit surface conductances inferred from the over-all 
data, and corrected for the effect of heat flux, are presented in 
Fig. 13 as a correlation of Na:Npr’/,( At,/ Ats)!* versus 
The choice of At) = 100 F is seen to make the data correspond 
with the accepted function for straight passages at a Reynolds 
number of approximately 4000. Since experimental values of 
At,, varied from 10 F to 98 F, this empirical correction has had 
the effect of lowering very slightly the test points from the un- 
corrected level. 

These data serve to demonstrate that the mean heat-transfer 
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characteristic of the fin passages is similar to that of straight 
passages, but that at the same time there are differences which 
are too apparent to be overlooked. An effort was made to ex- 
plore the possible effect of employing a local surface conductance 
instead of the over-all mean. ‘Through a procedure to be indi- 
cated subsequently, the maximum local surface conductance was 
estimated for the four representative points shown in Fig. 13. 
It is seen that these maximum points are more in line with the 
accepted data for straight passages, so the trend shown by the 
mean values may be partially explained in terms of the unit sur- 
face-conductance distribution being variable with flow conditions. 

Relation Between Maximum Unit Surface Conductance and 
Over-All Power Loss per Unit of Surface Area. Fig. 14 shows the 
calculated maximum unit surface heat-transfer conductance 
which occurs at point about halfway through the baffles, as a 
function of the over-all unit power loss. The comparison of these 
data with data for heat transfer for flow inside tubes is favorable, 
which indicates that on the basis of heat transfer from the finned 
surfaces inside the baffles, no great improvement of the maxi- 
mum transfer can be expected from subsequent design changes 
unless some special effects are invoked. 

Since the mean-temperature difference is evaluated as a radial 
mean and is not the over-all circumferential mean, there is not 
believed to be necessity for the temperature-difference correction 
which has been shown necessary for the over-all case. 

Over-All Pressure-Loss Coefficient. A measure of the extent 
to which over-all flow losses in the assembly tested were found to 
exceed those which would occur for isothermal flow through 
straight tubes (6) is indicated in Fig. 15. As indicated previ- 
ously, in Equations [4] and [5],the over-all static pressure-drop 
data have been reduced by an equation equivalent to that defining 
the friction factor, to establish the “over-all pressure-loss co- 
efficient.” By comparing these magnitudes with the accepted 
friction-factor data for tubes, it becomes immediately apparent 
that the effects of entrance, internal curvature-induced, frictional, 
eddying, and separation losses, and the poor flow conditions at the 
exit are of considerable magnitude. 

It may generally be remarked at this juncture that test runs 
with the fin-passage Reynolds number extending down to about 
1000 showed no tendency in the over-all loss to pass through the 
“dip” region of the friction factor in the transition between 
laminar and turbulent flow. This indicates that the fin-passage 
flow is too far under the influence of entrance, exit, and curvature 
conditions to allow the normal development of true laminar-flow 
behavior in this test range. 


Calculated Local Magnitudes of Unit Surface Conductance. ‘The 
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uniform nature of the electrical heating employed in these tests 9 \ 
permits calculations to be made of the local surface conductance ' | ZA | P 

« 
for the fins, under the assumption that the rate of heat transfer = e wa 2020 
per unit of circumferential angle is constant around the cylinder. 3  e, ik 
This calls for a linear variation of mean cooling-air temperature 
from the front to the rear of the cylinder. Then, having the fin- + on | —*? 
base temperature from direct experimental data, local unit over- Aj 
all conductances U may be calculated for different positions 
around the cylinder. From the pattern of these over-all con- 
ductances around the cylinder the corresponding local unit sur- 
face conductances may be determined according to procedure es- . 
tablished for relating U and h, indicated in Fig. 4. The surfacecon- 30° 60° 90° 200 50" 180" 


ductance thus established is a mean over a radial sector of the fins. 

For precise results calculation of circumferential heat conduc- 
tion would have to be considered. Preliminary estimations indi- 
cate that the proportion of such heat flow is small. Considera- 
tion of such conduction would result in even lower values of h at 
the rear of the cylinder. 

An example of the air and fin-root metal-temperature distribu- 
tions for a representative run is shown in Fig. 16. The metal 
temperatures represent averages from both sides of the cylinder. 
Fig. 17 presents the distribution of unit over-all conductances for 
four values of the fin-passage Reynolds number, where the 
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maximum conductances are observed to range from 30 to 50 per 
cent above the minimum values. The nature of these variations 
is quite in accord with the pattern of the flow stream about the 
cylinder. Corresponding magnitudes of the unit surface con- 
ductance are shown in Fig. 18. 

In due fairness to the performance of the fin surfaces it is 
again to be pointed out that the conductances are quite favorably 
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high where the flow stream is enclosed by the baffles; and that 
where the conductances are shown to be low over the unbaffled 
portions, then the effective Reynolds number for the flow stream 
in these regions is also low, due to the fact that here the full 
stream is not passing circumferentially between the fins. A 
complete adjustment of the data in terms of actual local condi- 
tions can be made only with the aid of properly detailed point-to- 
point experimental studies. 

The mean unit surface conductances as previously calculated 
from the mean unit over-all conductances are also shown in 
Fig. 18 for reference. The maximum conductances from these 
curves are those representing the four corresponding points in 
the general correlation of Fig. 13. These maximum points have 
been previously noted as representing slightly better performance 
than the accepted data for straight tubes. It is observed that 
the angular position of the maximum conductance increases with 
increasing flow rate, presumably serving as an indication of the 
influence of the entrance- and exit-flow effects upon the de- 
velopment of the flow within the covered passages. 


CONCLUSIONS 


1 Heat transfer from a finned-and-baffled cylinder of the pro- 
portions tested has been found to be generally similar to the be- 
havior of a heat exchanger composed of a set of parallel passages. 

2 The local patterns of metal temperatures and flow condi- 
tions have been emphasized as governing the resultant heat- 
transfer processes in the fin system. 

3 The over-all rate of energy loss in the flow stream has been 
pointed out to be considerably higher than that for frictional 
dissipation in straight smooth passages, due primarily to the 
influence of entrance and exit conditions. 

4 Possible applications of the data obtained to performance 
problems in engine-cylinder cooling may be developed. 
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Discussion 


C. M. Asutrey. Comments have been made concerning the 
radial movement of elements of the stream flowing between the 
fins. The writer believes that this radial movement can be ex- 
plained by considering the fact that the circumferential move- 
ment of the stream in the fin passage constitutes in essence, a 
portion of a vortex. With initially uniform pressure for all parts 
of the stream, the velocity of that portion of the stream flowing 
at the outer portion of the fin will be lower than that flowing at 
the inner portion with correspondingly higher static pressure. 
Next to the fin, however, the fluid friction slows down the cir- 
cumferential velocity, thus permitting the difference of pressure 
between the inner and outer portions of the fin to become effec- 
tive, and resulting in an inward flow of fluid along the surface of 
the fins. In order to balance this there must be an equal outward 
flow in the main portion of the stream. 


G. K. Bernuarpt.* The authors have made a valuable contri- 
bution to those concerned with heat transfer from finned surfaces. 
This paper did not mention how the authors treated the radia- 
tion effects. Although these effects should be small, the writer 
would appreciate a discussion of how they accounted for the 
radiation between the fin surfaces and from the barrel portion of 
their muff. 


F. A. McCurntock.? In calculating the local surface con- 
ductance, the authors assumed that ‘“‘the rate of heat transfer 
per unit of circumferential angle is constant around the cylinder.” 
This assumption seems valid enough for the heat flow to the in- 
side of the muff when radiant heat is used, but if there is a cir- 
cumferential flow of heat, the flow from the outside of the muff 
will not be constant around the cylinder. The presence of a cir- 
cumferential temperature gradient indicates that there must be 
some circumferential heat flow. The following analysis shows 
that, for the authors’ tests, the local surface conductances are 
markedly in error because the circumferential flow was neglected, 
and that an appreciable amount of the heat flow to the rear of 
the cylinder was carried away by conduction along the walls: 

The cylinder height is designated by L and the other symbols 
are as shown in Fig. 19 of this discussion. Term q is defined as 
the rate of heat flow per unit area. The mean temperature of 
the wall T and the rate of heat flow to the inside wall 27rolqr 
are known. Each side of the cylinder is cooled by the flow of air 
W/2, whose specific heat C, and initial temperature 7, are 
known. 

For steady-state conditions, the heat efflux from any given 
section must equal the influx, as follows 


LAO + (qe + Agqe)tL = ro LAO + gotL...... (7) 


By rearranging 


+ Director of Development, Carrier Corporation, Syracuse, N. Y. 

¢ Experimental Test Engineer, Pratt & Whitney Aircraft, East 
Hartford, Conn. Jun. A.S.M.E. 

7 Research Division, United Aircraft Corporation, East Hartford, 
Conn. Jun. A.S.M.E. 


: 
P 
4 
q 
hat, 
ther 
a 
Cy 
fi 
4 
~ 
‘ 
3 


LEMMON, COLBURN, NOTTAGE—HEAT TRANSFER FROM A BAFFLED-FINNED CYLINDER TO AIR 611 


= Agot 


The rate of circumferential flow per unit area qe is equal to the 
negative of the: thermal conductivity of the wall times the 
temperature gradient 


dT 
ga=—k— and Ag =—kA—... 


If the temperature gradient is constant from ry to r;, Equations 
{7a} and [8] can be combined as follows 


14 kt = 19] 


where r,, is the log mean radius of a radial section. 


As Aé@ approaches zero, Equation [9] becomes 


The term 


kt @T 
equal to that from the outer wall. Therefore the term — eo 
oT m 
denotes the ratio of net circumferential flow to radial inflow at 
any section. 

Exact evaluation of the terms is difficult for two reasons: (a) 
The second derivative of temperature with respect to angular 
position Be’ depends to a large extent on how the tempera- 


ture-angle curve is faired. (b) The temperatures and hence the 
circumferential gradients in the fins are less than those in the base 
metal, so that if the thickness ¢ includes the fins, the estimated 
circumferential flow is too high. 


Fie. 19 


= is unity when the heat flow to the inner wall is, 


The run plotted in the authors’ Fig. 16, and shown as R, = 
2020 in Figs. 17 and 18, is taken as anexample. A trigonometric 
series was fitted to the mean temperatures at the five points, with 
the condition that the slope was zero at the front and rear of the 
cylinder. This condition must be satisfied if the second deriva- 
tive is to be finite at those points. The resulting second deriva- 
tive was —151 deg F/radian?. A power series fitting the same 
points and conditions gave a second derivative of —464 deg F/ 
radian’. If a curve is chosen so that the second derivative is 
constant between the 135-deg point and the rear of the cylinder, 
the second derivative has the least possible magnitude, which 
turns out to be —108 deg F/radian*. The trigonometric series 
is used here because it seems to give the most reasonable result, 
namely, —151 deg F/radian?. The full cross-sectional area of 
the fins was used in calculating the thickness t, and the log-mean 
radius r,,. The following values are used in solving Equation 
[3a] for the circumferential flow: 


k = 100 Btu hr~! ft~! deg F~! r, = 0.2578 ft 
gw = 13,460 Btu hr“! ft~? Tm = 0.283 ft 
ro = 0.250 ft t = 0.0275 ft 
Circumferential flow kt @T 
Hence = = @46 
Inflow ol m 40? 


Because of the assumptions, the ratio may be less, but it is 
almost certainly over 20 per cent. At other locations on the 
muff it is even harder to estimate the second derivative accu- 
rately, but it may be as much as one third of that at the rear, with 
resulting circumferential flows of 5 to 10 per cent. Therefore 
the plot of local surface conductance, Fig. 18 of the paper, may 
be significantly distorted, especially at the rear of the cylinder. 
More data would be necessary to determine the actual shape of 
the surface-conductance plot to see if the surface conductance 
may be practically constant in the baffled region. In cylinder 
heads, where the wall thickness is greater, metal conduction may 
well account for the major part of the cooling. 

Circumferential heat flow also makes the air-temperature rise 
deviate somewhat from a straight line. The air temperature can 
be calculated as follows 


QntiLde 
‘+ W/2C, {10} 
Substituting for gu7: from Equation [9a] 
Qroro LO ktL dT 
W/2 C, + W/2 Ut] 


The last term gives the deviation from a straight-line function, 
which in this case does not exceed 5 deg F. 


R. G. VanperweiL.’ The illustrations showing the flow 
characteristics through the baffied fins were taken from water- 
flow patterns. Were any provisions made to guarantee that this 
water pattern is actually the same as the pattern resulting by 
the use of air? If such provisions were made, how did the Reyn- 
olds number of the water flow compare with the Reynolds num- 
ber of the actual air flow? 


W. R. Wyxorr.’ The authors deserve credit for attempting 
to break these data down into local heat-transfer functions. It 
is apparent to those who have attempted to predict cooling per- 
formance with data for the type of finned cylinders involved, 
that over-all data are very restricted as to extrapolation to other 

8 Office of Consulting Engineer, Chase Brass & Copper Co., 
Waterbury, Conn. 


® Experimental Test Engineer, Pratt & Whitney Aircraft, East 
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than the original test conditions. It appears necesss y to expand 
approximate point variable analyses of this type, including both 
component pressure-loss and heat-transfer functions, in order to 
predict effectively the performance of fin passages over the maxi- 
mum attained operating range. 

The authors have pointed out that over the unbaffled portions 
at the front and rear of the muff, the full air stream does not 
pass circumferentially between the fins. Also, they have 
used the mean stream temperature for computing local heat- 
transfer coefficients in these front and rear regions, as well as 
in the baffled section. It would appear from observation of 
the flow patterns, that a rather large radial-temperature gradient 
exists in the air stream over the unbaffled fins. Thus it is felt 
that the local coefficients over these exposed sections are only 
equivalent functions and should be so designated by broken lines 
in Fig. 18. 

In Fig. 14 the authors have plotted a local heat-transfer factor 
against an over-all power loss. In order to rate fairly the heat- 
transfer surfaces a local power loss should be used. In the cal- 
culations reported, baffle entrance and exit losses, which make up 
an appreciable component of the over-all loss, are included. If 
these losses were removed, the experimental points shown 
would fall slightly above the “tube” line. This can be explained 
perhaps as an effect of the radial ‘sweeping’ component of flow 
in the fin passages, as noted by the authors. 

Furthermore, in regard to the “‘mean-temperature difference 
effect” in Fig. 11, what is the interpretation of this? Presuma- 
bly, any quantity which is properly designated as a “conduct- 
ance” should be independent of the potential acting. 


Autuors’ CLOSURE 


Even beyond the clarification of incidental details in this paper, 
the authors are appreciative of the opportunity given by the dis- 
cussers’ comments to speak further concerning the basic in- 
terpretation of the results released for publication. 

Mr. Ashley’s comments on the flow behavior in the fin passages 
are in accord with the expected effects which were observed in 
the visual study. Still further evidence has been gained from an 
enlarged scale model, where pressure and velocity distributions 
could be obtained. 

As to Mr. Bernhardt’s question on radiation, no analysis of this 
has been attempted as yet. Radiation would have a small effect 
on the fin surface-temperature pattern within the fin spaces, and 
radiant exchange with the surroundings would enter as a small 
term in the heat balance. Quantitative investigation remains for 
the future. 

Mr. McClintock has brought forth the question of heat conduc- 
tion in the circumferential direction, which has been skipped over 
in the published discussion. For purposes of practical judgment, 
it is unfortunate that run 26, as analyzed in Fig. 16 according to 
the approximate method adopted by the authors, was the one at 
the very lowest air-flow rate. At higher rates of air flow and 
heat transfer Mr. McClintock’s Equation [9a] will yield much 
lower proportions of circumferential conduction. 

There exists some question of how closely the idealized cylin- 
drical-shell system of Fig. 19 may be taken as representing a cool- 
ing-fin system. While the discussers’ comments mention some 
uncertainty, indeed, it has been the authors’ preference to adopt 
somewhat different analytical procedures for a quantitative study 
of how much error is introduced through adoption of the simplest 
one-dimensional concepts for preliminary and entirely practical 
purposes. The actual system is three-dimensional in its behavior 
at any point. An initial experimental study of fin and air tempera- 
_ tures over all radial and circumferential-angle positions has 
shown very interesting temperature patterns, which at once dem- 
onstrate the weakness of one-dimensional simplifications. Ana- 
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lytical studies in two-dimensional co-ordinates (radial and cireum- 
ferential) lead to a system of partial-differential equations which 
are basically significant but solvable only by tedious methods. 
Some preliminary calculations, however, have demonstrated the 
fundamental importance of the circumferential conduction com- 
ponent over the unbaffled portions of the finned cylinder; but, 
contrary to the implications of Mr. McClintock’s numerical re- 
sults, these calculations have shown that designs of engine-cylin- 
der fins may generally be made to an accuracy compatible with 
production and assembly tolerances without allowing for the 
presence of circumferential conduction. Thus for the time being, 
such refinements will be developed slowly rather than adopted 
immediately. 

The whole broad question of developing basic design procedures 
with fin-base circumferential temperature distribution as one of 
the variables remains for future consideration. 

In replying to Mr. Vanderweil, the fin-passage Reynolds num- 
bers, based on the mean velocity, were kept within the same range 
for the air and water tests. Lampblack patterns have been ob- 
tained on the fin surfaces with air flow, and these appear to be the 
same as for the water tests. The greatest inadequacy of the visual 
pictures in comparison to the actual system lies in another point. 
This point is that the fin passage in which the photographs were 
taken was formed by substituting a sheet of plate glass for a fin. 
This substitution changed the entrance contraction, the cross- 
sectional form, and the exit contraction of the topmost passage as 
compared to the others. Justification resides in the fact that the 
visual studies were employed for qualitative purposes only. 

Mr. Wykoff’s comments concerning Fig. 18 are appreciated 
and agreed with. He is also correct in regard to Fig. 14. Data 
from other tests have allowed independent determination of the 
frictional loss within the baffle-enclosed passages, which has been 
shown to be roughly two thirds of the over-all loss. 

Then the “‘mean-temperature-difference effect” of Fig. 11 comes 
up for further explanation. The authors offer this as nothing 
more than an empirical result, obtained from the particular test 
installation, instrumentation, and procedures of data analysis 
which were employed in these tests. The so-called ‘“conduc- 
tances” reported are not to be employed for calculations outside 
of the range of the test results. These preliminary tests simply 
did not include sufficient internal measurements within the test 
specimen to allow a more satisfactory analysis of the data. The 
demonstrated weaknesses of the over-all treatment may serve 
as an excellent example of how real systems do not usually behave 
in accord with simple idealizing postulates. The interpretation of 
Fig. 11 is therefore that the over-all-mean procedure, as applied 
tothe temperature difference and the conductance U, is basically 
inadequate. This has been known for several years, but the prac- 
tical slant follows the reply to Mr. McClintock. 

Readers will also recognize that the conductance A has been 
calculated and not directly measured. This leads to the possi- 
bility of a small error in the magnitudes reported; but this is no 
worse than the use of an over-all mean. 

By way of further interest to those concerned with applica- 
tions to design problems, it is hoped that the eventual removal of 
wartime restrictions will allow release of the very considerable 
amount of additional data which have been obtained in other 
more comprehensive studies. The flow-system design problems, 
in particular, have been entirely neglected in this paper. Yet in 
some respects, and particularly for low-density air, the flow-loss 
design requirements may be more critical than those for the over- 
all heat transfer. 

The combined challenges of obtaining improved basic data and 
extending application design methods to meet all problems en- 
countered in practice are, however, goals within the grasp of con- 
tinued effort. 
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Local Coefficients of Heat Transfer for 
Air Flowing Around a Finned Cylinder 


By W. H. McADAMS,' R. E. DREXEL,? ano R. H. GOLDEY? 


This paper describes an apparatus for measuring local 
coefficients of heat transfer, hitherto never obtained fora 
jacketed or baffled-finned cylinder. The inner surface of 
the vertical cylinder was divided into narrow vertical seg- 
ments to collect steam condensate, a measure of the local 
flux. Since the over-all heat balances agreed within a few 
per cent, local heat balances were used to calculate local 
air temperatures. Wall temperatures of the base of each 
segment were measured by calibrated thermocouples, and 
local coefficients of heat transfer were determined at 11 
stations around one half of the cylinder. The results were 
easily duplicated and the condensate from the undivided 
side agreed closely with that from the divided side. Aver- 
age surface coefficients from fins to air agreed satisfactorily 
with published data. For a given Reynolds number, tem- 
perature difference had no effect on the Stanton number. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


A = area of total air-cooled heat-transfer surface, 12.6 
sq ft 
area at base of fins, 0.686 sq ft 
local area at base of fins for 1 segment, 0.0312 sq ft 
dimensional term ‘VY 2h/(kz,,), reciprocal feet, 
in equation for effectiveness 
correction factor in Equation [1] for effectiveness, 
dimensionless 
for curvature, Fig. 9 
for taper, Fig. 9 
specific heat of air, 0.24 Btu per lb per deg F 
equivalent diameter of gas passage arbitrarily 
taken as D, = 4sw/2(s + w), ft 
base of natural logarithms 
over-all friction factor, dimensionless, in Fanning 
equation: 
4f'LG* 
29-D.p 
mass velocity, lb air/(hr)(sq ft of cross-sectional 
area of gas passage 90 deg from front of cylinder) 
surface coefficient of heat transfer, from surface of 
fins to air, Btu/(hr)(sq ft)(deg F difference in 
temperature), from U and Equation [2} 
h, = based on arithmetic mean At 
h, = based on local At 


ap 
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h,, = based on logarithmic mean At 
k = thermal conductivity of fins, Btu/(hr)(sq ft) (deg 
F/ft) 
L = nominal length of air travel, arbitrarily taken as 
a(R, + 0.5w), ft 
rate of heat transfer for entire finned cylinder, 
Btu/hbr 
= rate for 1 segment having base area A, 
= radius, ft 
radius at base of fins, ft 
mean spacing of adjacent fins, ft 
fin spacing at base of fins, ft 
fin spacing at tips of fins, ft 
local air temperature, deg F 
temperature of entering air, deg F 
temperature of exit air, deg F 
local temperature of base of fins, deg F 
length-mean temperature 
apparent coefficient of heat transfer, U = gq/ 
A(t, — t), Btu/(hr)(sq ft of base area) (deg F, base 
to air) 
mean value, from Equations [4] and [5] 
local value, from Equation [3] 
width (radial length) of fin, ft 
w + 0.52, ft 
thickness of fin, ft 
mean thickness of fin, ft 
fin thickness at tip, ft 
temperature difference, deg F 
arithmetic-mean temperature difference 
logarithmic-mean temperature difference 
effectiveness of tapered radial fin, dimensionless, 
from Equation |1] 
approximate effectiveness, tanh aw’/aw’ 
viscosity of air at mean bulk temperature, lb/ 
(hr) (ft), equal to 2.42 X centipoises 
p = density of air at mean bulk temperature, pounds/ 
cu ft 
Reynolds number 
Stanton number 


D,G/u 
h,,/¢,@ 


INTRODUCTION 


The finned cylinders of air-cooled engines are provided with 
external baffles which jacket a portion of each cylinder and cause 
the air to flow between the fins. It is known that the cooling of 
the cylinder may be profoundly influenced by factors such as the 
extent to which the baffles cover the cylinder, the clearance be- 
tween the baffles and the tips of the fins, and the shape of the 
baffle at the air entrance and exit. For the important case where 
the air velocity through the passages between the fins is known, 
average coefficients of heat transfer for the entire finned cylinder 


. are reported in the literature, but local coefficients are not availa- 


ble. 

The purpose of the present study was to develop an apparatus 
for measuring the local coefficients of heat transfer around a 
jacketed or baffled-finned cylinder. 
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APPARATUS DEVELOPED IN INVESTIGATION 


The apparatus developed in this investigation consisted of a 
special finned heat-transfer surface constructed so that local heat 
flux could be measured, a blower to draw air through the test 
section, a boiler to supply steam, and standard orifices. Fig. 1 
is a diagrammatic sketch of the apparatus. The cooling air 
passed through an entrance fairing and then across the baffled- 
finned cylinder into a mixer after which the air temperature was 
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SOLER 


SSURE 


REGULATOR 


SUPERHEATER 
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PRESSURE STRAIGHTENING 
re. ® ~ VANES 
A 
TEST SECTION \ THERMOCOUPLE ORIFICE 
DISC AND BLOWER 
AIR INLET DOUGHNUT MIXER 


Fic. 1 DrtaGRAMMATIC PLAN oF APPARATUS 


(Entrance fairing always starts 20 in. from leading edge of fin.) 


measured. The ducting between the test section and the mixing 
section was insulated with hair telt 1 in. thick. After flowing 
through straightening vanes, the air was metered by a standard 
orifice and passed to the blower and out to the room. The blower 
was driven by a 5-hp variable-speed motor. 

Steam free from impurities, which would cause dropwise con- 
densation, was generated in a gas-fired boiler at a gage pressure 
of 15 psi; the pressure was reduced by passing the steam through 
aregulator. Moisture was removed from the steam in a trap, and 
the steam was superheated as it passed through an electrically 
heated section of pipe before entering the test section. 

The heat-transfer surface consisted of two aluminum-alloy 
muffs from an air-cooled airplane engine. The fins of nonuniform 
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width were machined off and the remainder of the muffs,‘ Fig. 2, 
were shrunk onto a vertical steel barrel having the same outside 
diameter (6.015 in.) as an actual engine cylinder. One side of the 
barrel was divided into eleven vertical segments, Fig. 3, which col- 
lected steam condensate (1).5 The equally spaced segments were 
formed by steel strips silver-soldered into slits cut entirely through 
the barrel on a milling machine, provided with a dividing head.® 
A machined ring, Fig. 4, silver-soldered to the division strips 
and cylinder, collected the condensate which flowed out of the 
apparatus into 100-ce graduates through !/s-in. copper tubes and 
U-bends of glass tubing which served as liquid seals. 

A cross section of the test section is shown in Fig. 5 and indi- 
cates the methods used to prevent heat losses by conduction from 
both ends of the test section and the precaution taken to collect 
only the condensate resulting from heat transfer from the finned 
surface. To prevent heat loss from the top of the test section, 
the top of the nonfinned portion of the barrel was kept at steam 
temperature by the steam in the upper chamber made of 8-in. 
steel pipe. The horizontal glass plate supported by pegs pre- 
vented condensate from the top cover from dripping into the 
collector ring. In the lower steam chamber the condensate 
lines were bathed in steam to prevent heat losses. The conden- 

ate level was kept constant in the drain lines by adjusting the 
pressure inside the apparatus by means of a needle valve in the 
inlet steam line and by adjusting the water level in a water seal 
used as a final pressure regulator. To make certain that conden- 


4 Each muff had an inside diameter of 5.995 in. and a diameter of 
6.188 in. at the base of the fins. Each fin had a width (radial length) 
of 1.11 in., and the thickness decreased uniformly from 0.040 in. at 
the base to 0.020 in. at the tip. The center-to-center spacing of fins 
was (0.141 in.; since the average thickness of each fin was 0.03 in., 
the average clearance was 0.111 in. The total cross section between 
the fins was 0.0616 sq ft. The two muffs contained 36 such fins and 
the total air-cooled surface was 12.6 sq ft. The height of the two 
muffs was 5.09 in., and the total area at the base of the fins was 0.686 
sq ft. Since each segment represents !/22 of the total base area, A; 
was 0.0312 sq ft. 

’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

¢ Drew and Ryan (1) first used this method of measuring local 
flux and applied it to a bare vertical cylinder placed in the center of 
a wind tunnel. 
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sate was not overflowing from the collector ring, sight glasses 
were installed in the top cover of the test section so that frequent 
observation of the interior of the apparatus could be made; 
film-type condensation was always obtained. Steam was vented 
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Fig. 8 Pian View or Test Section With BarrLte REPLACING 
JACKET 

(Mass velocity of air was arbitrarily based upon total cross-sectional area, 

0.0816 sq ft of air passage, 90 deg from front of cylinder. The entrance fair- 


ing is 7 in. long and reduces from a rectangle 16 in. wide X 11.0 in. high toa 
rectangle 10 in. wide X 5.09 in. long.) 


from both the upper and lower chambers, to remove noncondensa- 
ble gases. Fig. 6 shows the test section. 

Calibrated thermocouples (No. 30 copper-constantan) were 
inserted in slots in the base of the bottom muff and cemented in 
place with “Insalute”’ cement prior to heating the muffs and 
shrinking them onto the steel barrel. The thermocouples were 
connected to a cold junction immersed in an ice bath, and a 
Leeds and Northrup portable precision potentiometer (Serial 
No. 347007) by means of a selector switch. A couple was located 
at the center of each segment 2 in. from the bottom of the lower 
muff. Thermocouples were also placed in the steel barrel and at 
different depths in the muff on the undivided side. The locations 
of thermocouples 1-16 are shown in Fig. 7. Air temperatures 
were measured by a shielded thermocouple (No. 19) in the inlet 
stream, by a shielded couple (No. 17) 1 in. behind the trailing 
edge of the muff, and by a thermocouple (No. 18) after the mixer. 
Temperatures of the air at the orifice, of the inlet steam, and of 
the vent steam from the bottom of the apparatus were taken 
with thermometers. 

Static pressures were measured before the test section and be- 
fore the orifice. Pressure drops across the test section were 
measured from the pressure tap 1 in. in front of the leading edge 
of the muff to pressure taps 1, 2, 3, 4, 5, and 7 in., respectively, 
from the trailing edge of the muff. The pressure drop across the 
orifice was also measured. 

Tests were made with a jacket, Fig. 7, and with a baffle, 
Fig. 8. To determine whether temperature difference had any 
effect on the heat-transfer coefficients, the inlet air was preheated 
in some runs (Series B); heating steam was available at a gage 
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pressure of 40 psi. In these runs the entrance fairing was re- 
placed by a special section consisting of an air heater, a disk- 
and-doughnut mixer, and straightening vanes. 


PROCEDURE FOLLOWED IN TESTS 


When the test section had become heated, the blower was 
started and the speed adjusted to give the desired air-flow rate. 
The steam valve was again adjusted to maintain the steam- 
chamber pressure at 7 cm of water gage. Water was then forced 
back into the apparatus through all the drain lines to remove air 
bubbles. The apparatus was then allowed to run for about '/2 
hr, until steady-state operation was secured. 

The run was started when consistent readings of several ther- 
mocouples indicated that a steady state had been reached. 
Eleven 100-ce graduates were simultaneously placed under the 
condensate outlets from the divided side of the cylinder; a 
beaker was placed under the condensate outlets from the un- 
divided side of the cylinder; and the timer was started. Con- 
densate was collected during three consecutive intervals of equal 
duration. Constancy of the amount of condensate from a given 
segment during each interval was a confirmation of steady-state 
operation. All the readings of the thermocouples, thermometers, 
and manometers were recorded during each interval. Runs 
lasted from 30 to 90 min, depending upon the air-flow rate. 

The consistency of the data taken in the three different parts 
of a run is a test of the reproducibility of the data. Table 1 
gives the complete data for run 6-J. The volumes of condensate 
in different portions of a run usually checked within 1 cc; since 
the smallest volume ever collected from any segment was 20 cc, 
the maximum error so introduced was 5 per cent. Upon repeat- 
ing a run 1 month later, using a different observer, it was found 
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that the maximum deviation in a local coefficient was only 2 per 
cent from the mean value. The pressure-drop data agree within 
the possible error in reading the manometers. 

The close agreement between the condensates from the two 
halves of the cylinder verified the assumption that the air flow 
divided equally around the cylinder. In the worst case (run 2A), 
the condensate rates on the two sides disagreed by 6 per cent. 

The heat balances range from 1.5 to —8.4 per cent; as an av- 
erage the steam condensate indicates 4 per cent less heat trans- 
fer than that calculated from the air rate and the measured tem- 
perature rise. 

The areas of the segments were accurate within 1 per cent. 
The local air temperature was calculated from the measured 
total temperature rise (accurate within 0.5 deg F) and the ratio 
of condensate up to this point to the total condensate. It was felt 
that the condensate ratios are accurate within 2 per cent. The 
local temperature difference was evaluated from the calculated 
local air temperature and the observed wall temperature; the 
thermocouples are accurate within 0.2 deg F, and these readings 
varied but little. 


MeErHop oF CALCULATION 


On air-cooled cylinders the average temperature of the sur- 
face of the fins is of secondary interest. The purpose of cooling 
and finning is to reduce the temperature at the base of the fins. 
Since this temperature is of primary interest, a correlation of 
surface heat-transfer coefficients should involve the fin-base 
temperature. This temperature and a mathematical effective- 
ness of the fins are used herein to calculate surface coefficients. 
In the design of cylinders the procedure is reversed and the cal- 
culated surface coefficients and the mathematical effectiveness 


TABLE 1 COMPLETE DATA FOR RUN 6-J 


CONDENSATE PRESSURE TEMPERATURE 
(cc.) (CM. WATER) ( THERMOCOUPLE . M.V.) 
POSITION| A 8 c A\e|ic NO A 8 Cc AVE. °F. 
97 | 98 | 97 | 2” ORIFICE |13.928 | 3.926 |3.923|3.926| 198.3 
2 100 | sor | too} | 4.026 | 4,024 | 4.022] 4.025 | 202./ 
3 77 | 78 | 77 UPSTREAM 3 |4.047 |4.047 | 4.044 | 4.046 | 203.0 
4 70 | 71 | 4 |4.082 |4.080|4.076| 4.080 | 204.3 
5 64 | 64 | 65 | | 4.108 | 4.105 | 4.108 | 205 
6 53 53 54 STATIC AT 0.210.2\0.2 |4.//0 4./22| 4.115 | 205.7 
7 50 | | 50 SECTION | 7 | 4.148 | 4.137 | 4.132 | 4.139 | 206.6 
8 36 | 36 | 36 4p, 0.917.1| 1.0 8 |4./32| — |4.1/25| 4./28 | 206./ 
9 33 | 34 | 33 4p. 9 |4.207 |4.203 |4.200| 4.203 | 209.0 
10 24 | 25| 24 7.0\17.0| 7.0| | /0 |4.237 | 4.233 |4.230| 4. 233 |2/0./ 
| 4.267 |4.262 |4.257| 4,262| 2//.3 
TOTAL | 623 | 630 | 625 + | 72 |4.062 |4.054|4.052| 4.056 | 203.3 
CHEST 7.5 |7.5| 7.5 73 |4./03 |4.098 |4.094| 4.098 | 205.0 
SIDE "| [earomerer- 750.2 mm Hg 14 |4.111 |4.102 \4.100| 4.104 | 205.2 
4. 202.9 
| 15 |4.050|4.041 |4.037| 4.042 |. 
THERMOMETERS , °C. 16 | 4.256 |4.253 |4.248| 4.252 | 2/0.9 
TIME 17 | 3.872 | 3.850 |3.845| 3.856| /95.5 
30 | 30 | 30 
MIN. 18 | 3.687 | 3.672 | 3.665 | 3.673 | 188.4 
| AIR IN| 24,3| 24.3 | 24,3, /9 |0.982)|0.980|0.962| 0.973| 76.2 
AiR OUT | 85.6| 85.2 | 86.0 
| ORIFICE | 67.2| 67.2 | 67.0 
STEAM IN |\107.0|107.5 |/08.2 
STEAM OUT| 101.5 |100,5 |\100.5 
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TAPER CORRECTION, Cr 


/ Xp 0.75 
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Ry wr’) = 1.00 
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tw’) 0.60 


| 


Ry t 20.50 


CURVATURE CORRECTION, Cc 


0.40 ° 0.60 
APPROXIMATE EFFECTIVENESS, 
lanh 


Fic. 9 Taper AND CURVATURE CORRECTIONS TO Be ADDED TO 
APPROXIMATE EFFECTIVENESS 7’ IN OBTAINING TRUE EFFECTIVENESS 


(Taken from Harper and Brown, reference 3, by courtesy of National 
Advisory Committee for Aeronautics.) 


are combined to give the fin-base temperature. Furthermore, it 
is known that average surface coefficients, based upon the meas- 
ured mean temperature of the surface of the fins, often differ 
from those based upon measured base temperatures and a cal- 
culated effectiveness. Consequently, both the correlation of 
test data and the design procedure based thereon should involve 
base temperatures and calculated effectiveness, so that any er- 
rors due to differences between measured and calculated effec- 
tiveness are not involved. 

The effectiveness » is defined as the mean temperature differ- 
ence between the surface of the fins and the air, divided by the 
temperature difference between the base of the fins and the air, 
and is given by the following equation for tapered radial fins 


tanh aw’ 


in which a equals V 2h/kz,, and Cy and Ce¢ are corrections for 
taper and curvature, respectively, taken from Harper and Brown 
(3) and shown in Fig. 9. It is seen that the effectiveness de- 
pends upon the surface coefficient, assumed constant along the 
radius of the fin, and the dimensions and thermal conductivity 
of the fin. 

The surface coefficient is obtained from the following new equa- 
tion for tapered radial fins 


h wu’ we, 
= ——— | | 2w’ — - 
(8 + 2m) ( R, (2) 


7 See footnote 7 at bottom of next column. 


For a given fin 9’, Cr, Ce, and consequently y and U are unique 
functions of h, and hence a plot of U can be constructed by as- 
suming values of h. The local apparent coefficient U is first cal- 
culated from the data by the simple relation 


and values of h, are then read directly from the curve of U, 
versus h,, thus avoiding trial-and-error calculations. . 


Resutts or TEsTs 
All the data for the muff with the jacket or baffle are given in 


Table 2. Table 3 summarizes calculated values, including aver- 
age surface coefficients h,,, calculated from 


based upon the logarithmic-mean apparent temperature differ- 
ence 


tom — bh 


Atm [5] 


Ine 
bom —— le 
SuRFACE CorEFFICcIENTs h, 


Runs (Series J) were made at various air-flow rates with the 
jacket shown in Fig. 7, and similar runs (Series A) were made 
with the baffle shown in Fig. 8. The results are summarized in 
Figs. 10 and 11, plotted in terms of local surface coefficients h, 
versus the position of the segment; position 0 is at the front and 
11 is at the rear. For a given Reynolds number D,G/u, for both 
the jacket and the baffle, the curves of h, go through a maximum 
roughly half-way around the cylinder; as the Reynolds number 
increases, the maximum shifts somewhat nearer the front of the 
cylinder. For these runs, it is noted that the local surface coef- 
ficient of heat transfer from muff to air was always found to be 
lower in the rear than at the front.’ 

From Figs. 10 and 11 it appears that the local surface coeffi- 
cients of heat transfer are unduly high for segment 2 (position 
1-2) and low for segment 8 (position 7-8). Data for the jacketed 
cylinder are shown plotted versus location of segment in Fig. 12, 
which suggests that the contact between the steel barrel and the 
muff was unusually close in segment 2 and less close in segment 8, 
which doubtless was caused by high spots on the cement in the 
grooves on the inner wall of the muff. At segment 8, where the 
muff temperature and local condensation rate were abnormally 
low, heat flows circumferentially by conduction in the muff from 
adjacent segments 7 and 9. If this effect were allowed for, 
the local coefficients for segments 7 and 9 would decrease and 
that for 8 would increase, tending to eliminate the dip in the curve 
of h, at segment 8. 

Tests (Series B) were run on the baffled cylinder to determine 
the effect of temperature difference on the mean surface coef- 
ficient of heat transfer, h,,. The temperature difference was 
varied by changing the temperature of the inlet air at substan- 
tially constant Reynolds number. The data are plotted in Fig. 


7 Equations [1] and [2] will reduce to the usual approximate equa- 
tion of reference (4) for a bar fin of constant cross section 


h 2 
(8 + 2m) (: 

if the sum Cr and Cc is assumed zero and the term wx/2R,is neg- 
lected. Although in some cases Equation [2a] will give a result 
not differing seriously from that obtained from the more rigorous 
Equations [1] and [2], the latter were used herein. 

8 In order to simplify Figs. 10 and 11, runs are shown only for 
alternate Reynolds numbers; intermediate Reynolds numbers 
(not shown) gave curves of the same shape as those shown. 
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13 and show that h,,/c,@ is independent of At,. Heat balances 
age deviation of 3.4 per cent. 
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MUFF TEMPERATURES 


AIR 
TEMPERATURES 


TEMPERATURE ,°F 


LOCAL SURFACE COEFFICIENTS 


Ss 


LOCAL CONDENSATE RATES 


CC. PER HR.PER SEGMENT 
N a 


POSITION 


Fic. 12. Prot or Data ror JACKETED Murr Versus Position 


(Plot shows minor but systematic irregularities of muff temperatures, con- 
densate rates, and local surface coefficients.) 


(tom — + (tom - ty) 


Al, 
2 


[6] 
which is a fair type of mean to use with these data obtained with 
electric heat. The results are plotted in Fig. 14 and average but 
little below the present data for a jacketed muff. The present 
data lie on or above the usual equation for turbulent flow of air 
in long straight tubes 

h» 0.023/(0.74)*”? 

 (D,G/u)®? 
given in reference (5); the data of reference (2) shown in Fig, 
14 fall on both sides of this equation. 

The over-all pressure drops across the test section are reported 
in the tables, along with the corresponding over-all Fanning 
friction factors calculated from the data by taking the length of 
air travel arbitrarily as one half the mean perimeter of a fin. 
The ratio of the mean Stanton number, h,,/c,G, to one half the 
over-all friction factor f’/2 was found to average 0.51 with the 
jacket and 0.36 for the baffle, as compared with a value of 1.0 
predicted by the Reynolds analogy and 1.22 by the Colburn anal- 
ogy (5) for turbulent flow of air in long straight tubes. 

The jacket gave 20 to 30 per cent greater surface coefficients 
h,, than the baffle for the same over-all pressure drop, and 22 to 
40 per cent greater coefficients for the same power loss per square 
foot of finned surface. 

By measuring local coefficients for each portion of the baffled- 
finned cylinder it is possible to determine the faults in location 
and design of baffles, and improvements in baffles can be worked 
out more readily and on a sounder basis than when measuring 
only the usual average coefficients of heat transfer for the entire 


finned cylinder. Data for other designs and arrangements of baf- 
fles have been obtained and may be released in a subsequent 
paper. 

CONCLUSIONS 


This study established the following points: 


1 The data were reproducible. 

2 Good heat balances were obtained. 

3 The condensate rates from the divided and undivided 
halves of the cylinder agreed within 6 per cent. 

4 Inevery run with the baffle or jacket tested, the local coef- 
ficient of heat transfer from fins to air was low in front, high 
roughly halfway around the cylinder, and lowest in the rear. 

5 For a given Reynolds number, the baffle gives a somewhat 
lower Stanton number than the jacket. 

6 In terms of average surface coefficients of heat transfer, 
the data for the jacketed muff of the present study agree well 
with those of other investigators who determined only average 
coefficients. 

7 For a given Reynolds number, temperature difference was 
varied from 30 to 85 deg F in tests on the baffled cylinder and 
had no effect on the Stanton number, expressed in terms of the 
average surface coefficient of heat transfer for the entire cylinder. 
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The work of previous investigators on heat flow through 
extended surface is briefly reviewed and literature citations 
are given. General equations are derived for the tempera- 
ture gradient and fin efficiency in any form of extended 
surface to which the assumptions listed are applicable. 
The solution of these equations in terms of Bessel func- 
tions is shown to cover practically any form of extended 
surface whose thickness varies as some power of the dis- 
tance measured along an axis normal to the basic surface. 
Curves are presented for the fin efficiency of several forms 
of straight fins, annular fins, and spines. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


A = fin surface between origin and point x 
Ay = total surface of one fin 
= cross-sectional area of fin normal to z axis at point z 
a, = area of fin base 
= a constant (Equations [2] and [7]) 
= heat-transfer coefficient on finned side of extended- 
surface element 
heat-transfer coefficient on unfinned side of extended- 
surface element 
modified Bessel function of the first kind and order n 
modified Bessel function of the second kind and order n 
thermal conductivity of fin material 
length of straight fins 
a constant (Equation [2]}) 
a constant, order of Bessel function 
a constant (Equation [2]) 
rate of heat flow through section a 
total rate of heat flow through entire fin 
rate of heat flow through basic surface which would be 
covered by base of fin 
gq, = rate of heat flow through total basic surface 
q@, = rate of heat flow through basic plus extended surface 
r = function of u defined following Equation [20] 
u = function of z defined by Equation [7]? 
w= +(x, —2,) = fin height 
z = distance along axis normal to basic surface? 
y = half thickness of fin at point z 
y» = half thickness of fin base 
a, 8 = constants — 
n = oAy/a, = fin effectiveness 
6 = temperature difference between fin and surrounding 
fluid at point z 
6, = temperature difference between fin at base and sur- 
rounding fluid 
¢@ = fin efficiency 


1 The Griscom-Russell Company. 

? Subscripts b and e refer to conditions at base and edge, respec- 
tively. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944, of Tue 
AmerIcaAN Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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INTRODUCTION 

In a conventional heat exchanger heat is transferred from one 
fluid to another through a metallic wall and, other things being 
equal, the rate of heat flow is directly proportional to the extent 
of the wall surface and to the temperature difference between one 
fluid and the adjacent surface. If thin strips of metal are at- 
tached to the basic surface, extending into one of the fluids, the 
total surface for heat transfer is thereby increased and it might 
be expected that the rate of heat flow per unit of basic surface 
would increase in direct proportion. However, the average 
surface temperature of these strips, by virtue of the temperature 
gradient through them, tends to approach the temperature of the 
surrounding fluid so the effective temperature difference is de- 
creased and the net increase of heat flow may be considerably less 
than would be anticipated on the basis of surface alone. 


Fie. 1 Some Commerctat Forms or SURFACE 
ons furnished oe the courtesy of A The Griscom-Russell Company. 


The Babcock & Wilcox Company, C Thermek Corporation.) 


These added heat-conducting strips constitute “extended 
surface;” they may be of various forms, as shown in Fig. 1. The 
ratio of the average temperature difference over the extended 
surface to that over the basic surface is commonly called the “fin 
efficiency,”’ “fin’’ being used as a concise generic term for all! 
forms of extended surface. It is the purpose of this paper to 
derive a general equation for the temperature gradient in fins 
and to present a solution for fin efficiency which, although not 
perfectly general, nevertheless includes all the forms previously 
investigated and several others besides. A secondary purpose is 
the review and compilation of the significant results of previous 
investigators. 

LiTeRATURE REVIEW 


Some early measurements of the temperature distribution in 
long metallic rods are available in the experimental determination 
of the thermal conductivities of iron and copper by Stewart (1). 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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The iron rod was */,in. sq X 4!/2 ft long, and the copper rod was 
1/.in. diam X 7 ft long. 

Parsons and Harper (2) derived an equation for the efficiency 
of straight fins of constant thickness in the course of a paper on 
airplane-engine radiators. Harper and Brown (3), in connection 
with air-cooled aircraft engines, investigated straight fins of 
constant thickness, wedge-shaped straight fins, and annular fins 
of constant thickness; equations for the fin efficiency of each type 
were presented and the errors involved in certain of the assump- 
tions were evaluated. 

Schmidt (4) covered the same three types of fin from the stand- 
point of material economy. He stated that the least metal is 
required for given conditions if the temperature gradient is linear, 
and showed how the thickness of each type of fin must vary to 
produce this result. Finding, in general, that the calculated 
shapes were impractical to manufacture, he proceeded to show 
the optimum dimensions for straight and annular fins of constant 
thickness and for wedge-shaped straight fins under given operat- 
ing conditions. 

Murray (5) presented equations for the temperature gradient 
and the effectiveness of annular fins of constant thickness with a 
symmetrical temperature distribution around the base of the fin. 

A stepwise procedure for calculating the temperature gradient 
and efficiency for fins whose thickness varies in any manner what- 
soever was given by Hausen (6). Curves of both properties for 
the fins investigated by Schmidt (4) are also included. 

The temperature gradient in conical and cylindrical spines was 
determined by Focke (7) and, independently, by the writer in un- 
published work of which this paper is the outcome. Focke, like 
Schmidt, showed how the spine thickness must vary in order to 
keep the material requirement to a minimum; he, too, found the 
result impractical and went on to determine the optimum 
cylindrical- and conical-spine dimensions. 

Avrami and Little (8) derived equations for the temperature 
gradient in thick-bar fins and showed under what conditions fins 
might act as insulators on the basic surface. Approximate 
equations were also given including, as a special case, that of 
Harper and Brown. 

Carrier and Anderson (9) discussed straight fins of constant 
thickness, annular fins of constant thickness, and annular fins of 
constant cross-sectional area, presenting equations for the fin 
efficiency of each. In the latter two cases the solutions are in 
the form of infinite series. 

A rather unusual application of Harper and Brown’s equation 
was made by the writer (10), in considering the ligaments be- 
tween holes in heat-exchanger tube sheets as fins and thereby 
estimating the temperature distribution in tube sheets. 

The types of extended surface previously investigated, aside 
from those which may be approximated by Hausen’s method, 
are as follows: 


Straight fins of constant thickness (2, 3, 4, 6, 8, 9). 
Wedge-shaped straight fins (3, 4, 6). 

Annular fins of constant thickness (3, 4, 5, 6, 9). 
Annular fins of constant cross-sectional area (9). 
Cylindrical spines (7). 

Conical spines (7). 


MATHEMATICAL TREATMENT—ASSUMPTIONS 


The mathematical analysis is based upon the following assump- 
tions, which are essentially those given by Murray (5), but which 
are common to all previous investigations except that of Avrami 
and Little (8): 

1 The heat flow and temperature distribution throughout the 


fin are independent of time, i.e., the heat flow is steady. 
2 The fin material is homogeneous and isotropic. 
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3. There are no heat sources in the fin itself. 

4 The heat flow to or from the fin surface’ at any point is 
directly proportional to the temperature difference between the 
surface at that point and the surrounding fluid. 

5 The thermal conductivity of the fin is constant. 

6 The heat-transfer coefficient is the same over all the fin 
surface. 

7 The temperature of the surrounding fluid is uniform. 

8 The temperature of the base of the fin is uniform. 

9 The fin thickness is so small compared to its height that 
temperature gradients normal to the surface may be neglected. 

10 The heat transferred through the outermost edge of the 
fin is negligible compared to that passing through the sides. 


Of these assumptions, only 6, 8, 9, and 10 are open to serious 
question. With some types of fin the heat-transfer coefficient 
undoubtedly does vary from point to point on the fin, but 
McAdams and Turner, in a discussion of a paper by Sage (11), 
show that the use of average coefficients and average conduc- 
tivity in the theoretical equation for temperature gradient gives 
good agreement with Stewart’s measurements (1). Murray's 
paper shows how to take account of a nonuniform temperature 
at the base of annular fins, although it seems reasonable that an 
average temperature based on the average inside-film co- 
efficient should give sufficiently accurate results for many pur- 
poses. The question of temperature variation at the base of the 
fin is not apt to arise for other types. 

The error involved in assumptions 9 and 10 has been investi- 
gated by Harper and Brown (3), and Avrami and Little (8), for 
straight fins of constant thickness; it is very small for most 
practical forms of extended surface. 


(A) (B) 


Fic. 2. Diagrams or (A), GENERALIZED ELEMENT OF EXTENDED 
Surrace; (B) Srraicut Fin 
(Thicknesses are greatly exaggerated.) 


APPLICATION OF BESSEL’S DIFFERENTIAL EQUATION 


Temperature Gradient. The basic differential equation results 
from a heat balance on an element of the fin normal to the direc- 
tion of heat flow, as shown in Fig: 2(a) 


In this, @ represents the temperature difference between the fin 
and the surrounding fluid at a distance z from some reference 
point. Termwise comparison of this equation (after multiplica- 
tion by z*) with the general form of Bessel’s equation given by 
Douglass (12) 


= + [(1—2m)z — 2az*] + + + a(2m — 
dz? dx 


+ (m? — = 0....[2] 


shows that both have the same form if 
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and 


dA 


where \ and yu are positive constants. 

Thus if the cross-sectional area of a fin can be described by 
Equation [3], and its surface by Equation [4], the solution may 
be expressed in terms of Bessel functions. The general solution 
is found by application of the boundary conditions 


1 Whenz = %, 0 = 4, 
dé 

2 Whenz = 2,, ts 0 (from assumption 10). 
dz 


For n equal to zero or an integer 


Up T + BK,,(u) 


where 
Ka-1(u,) (6) 
For n equal to a fraction 
u\"|} I,(u) + B7-n(u) 
| ———— 5 
where 
Tn—(U,) 
T,-n(u,) 


In these equations 


h dA 
u icx 


and u, and u, are found by substituting the values of z, a, and 
(dA /dz) for the base or edge of the fin, respectively. 

Fin Efficiency. The fin efficiency of extended surface is given 
by 


from which, for n equal to zero or an integer 


2(1 — n) - 19) 
T (us) + 


\2(1—n) 
Us 
or, for n equals a fraction, 


2(1 — n) + | 


Up 
Up 


Fin Effectiveness.‘ Another property of extended surface 
which is often used is the ratio of the heat transferred through the 
base of a fin to that which would be transferred through the 
same base area if the fin were not there, the base temperature re- 
maining constant. This ratio is termed the “effectiveness,” and 
it can be simply expressed as a function of the fin efficiency 


‘ The terms “‘fin efficiency”’ and “‘fin effectiveness,” in the meanings 
adopted here have not been consistently adhered to in the English 
literature; the latter phrase has been used for both ¢ and 7. In the 
German literature, ¢ is called ‘der Wirkungsgrad.” 


I» /%b—const ay 

However, in most practical cases, the addition of extended 
surface to a metal wall changes the base temperature to an extent 
depending on the heat-transfer coefficients on both sides of the 
wall. The effectiveness is therefore a misleading indication of 
the value of extended surface, as comparison with the following 
more accurate expression will show 


In this, A, and h, are the film coefficients on the finned and bare 
sides of the wall, respectively. Obviously, the advantage of ex- 
tended surface is greatest when h, is small compared to h,. 


Types oF ExTENDED SURFACE 


In the foregoing, general relations have been developed for the 
temperature gradient and the fin efficiency without inquiring to 
what types of extended surface they may be applied, other than 
noting that they must be described by Equations [3] and [4]. 
For a given fin the exponents of z in these equations are known; 
there are two exponents, so it is possible to eliminate p between 
them and to solve for the appropriate value of n. 

Space does not permit detailed derivation or discussion of the 
equations for the various types of extended surface, so the follow- 
ing are submitted without proof: 

Straight Fins. The thickness may vary thus 


The value of u to be used in the temperature-difference and 
efficiency equations is 


1 
2(1—n) 


6 


In these and subsequent equations it is assumed that the square 
of the slope of the fin sides is negligible compared to unity, which 
it usually is for thin fins and spines. This assumption is not 
necessary for n = '/; and n = 0. Equations and curves are 
given in Fig. 3. Reference to Fig. 2(6) will help in verifying 
these equations. 

Spines—Circular or Regular Polygonal Section. 


3 
21/2 (2 — n) 


3 Ty 


The solution is exact for n = andn = —1. Equations and 
curves are given in Fig. 4. 


Annular Fins. 
—2n 
z 
= (1—s) (z) 


i 
[4] 
pad 
ig 
ia 
3 
h, 
° 
: 
4 
. 
1—2n 
— 
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Equations and curves are shown in Figs. 5 and 6. The solution 
is exact forn = 0. 

Three general classes of extended surface have been investi- 
gated thus far; straight fins, spines, and annular fins. Other 
classes might be discussed but the most practical forms have 
already been included. It will be noted, however, that no 
straight fin or spine whose thickness varies as the square of the 
distance along it, can be described in terms of Bessel functions, 
since n becomes infinite and wu is a constant. This case will now 
be treated for the sake of completeness and to reproduce the 
results of Schmidt (4), and Focke (7). Termwise comparison of 
Equation [1] with Euler’s differential equation shows that the 
cross section and surface may vary thus 


and 
dA 
— [18a] 
dx 
For the case where z, = 0 
x r 
Le 
and 
en (20) 
where 


r= 


~ 


n [1— V1 + (u/m)? | 


In these equations, u has exactly the same definition as before 
(Equation [7]) but for this special case, is a constant. The re- 
quirement of Schmidt (4) that the temperature gradient be 
linear to use the minimum material is met if r in Equation [19] 
equals unity, from which 


[21] 


For straight fins, (1 — 2m) = 2, and for regular spines, (1 — 2m) 
= 4, both of which correspond to a thickness varying as the 
square of the distance from the edge (or tip). In each case the 
least material is required if 


GENERALITY OF EqQuaTIONS 


The equations for temperature gradient and fin efficiency de- 
rived in this paper are obviously quite general since, by sub- 
situting the appropriate value of n, the equations of all previous 
investigators are readily reproduced. These may be summarized 
as follows: 


n = 1/3, This corresponds to the straight fins or spines of con- 
stant thickness investigated by Harper and Brown (3), Parsons 
and Harper (2), Schmidt (4), Focke (7), et al. In the case of 
spines, the section need not be circular but may be square, tri- 
angular, elliptical, or any other shape within the limitations of 
the assumptions. The same value also describes annular fins 
whose thickness varies inversely as the square of the distance 
from the center, although the values of u, and u, are not the 
same as for straight fins or spines. The efficiency is 


tan h (u, — u,) 


(up u,) 
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where the expressions for u, and u, are given in Figs. 3 and 4. 

n = 0. This yields the equations for wedge-shaped straight 
fins and annular fins of constant thickness, as derived by Harper 
and Brown and Schmidt. Furthermore, the same equations 
apply to spines whose thickness varies qs the square root of the 
distance from a point at or beyond the tip. 

n = -—-l. This represents the conical spines investigated by 
Focke (7). It also covers straight fins whose thickness varies as 
the °/2 power of the distance from a point at or beyond the edge. 

With these three values of n all previous expressions for fin 
efficiency based on assumptions 1 through 10 are reproduced. 
Furthermore, the general solution makes it possible to recognize 
the applicability of the equations for one particular type of fin to 
other types, e.g., only five different types of fin have been shown 
previously to be covered by these three values of n, yet it has just 
been shown that at least seven types can be included. Some 
other types for which special equations have been developed may 
also be mentioned. 

n = 1/3, This corresponds to the annular fins with constant 
metal area for heat flow, for which Carrier and Anderson gave a 
solution in terms of infinite series (9). It could also represent 
straight fins whose thickness varies as the square root of x, and 
spines whose thickness varies as the fifth root of zx. 

This covers the straight fins of Schmidt (4), and the 
spines of Focke (7), whose thickness varies as the square of the 
distance from the edge or tip. 

In order to bring the abscissas on all graphs to a common basis, 
the fin height w has been introduced into the various expressions 
for u, and u, by writing 


R= @, 


w= +(7,—2,),orw = z, = 0 


Aside from this no attempt is made to compare one type of 
extended surface with another. Straight fins with the same 
height, base thickness, conductivity, and surface coefficient are 
comparable one with the other, and the same is true of annular 
fins. This is so because changing the contour of the sides of such 
fins has a negligible effect on the surface. Therefore, to some 
extent Fig. 3 gives an indication of the relative merits of various 
straight fins, and Figs. 5 and 6, of annular fins. Fig. 4, however, 
should not be considered as anything more than a means for 
determining fin efficiency, because the surfaces of the different 
spines are not the same, e.g., the thorn-shaped spine represented 
by the highest curve has only one third the surface of the cylin- 
drical spine of the same height and base thickness, represented by 
the lowest curve in Fig. 4. 
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Appendix 1 


DETAILS OF DERIVATION OF EQUATIONS 


The heat flowing through an element of a fin normal to the 
basic surface (Fig. 2a) is given by the Fourier equation 


The heat entering or leaving the sides of the element is 


—dq = hodA... [25] 


By differentiating Equation [24] and substituting the result into 
Equation [25], dq is eliminated and Equation [1] is obtained. 

If the second terms of Equations [1] (after multiplication 
through by z*) and [2] are to be identical, then 


2 da 
— — Side — 
a dz 
Integration gives 
Ina =.(1 — 2m)In x — 2ar + const wa 


a= rz! 


. [27a] 


From the third terms 


- p?n*)] . [28] 


k 2 
(1+2m) + atx? + a(2m — 


h 
+ (m? — p*n?)]. . [29] 


Since the surface variation is not a function of & or A, the terms 
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within the brackets must either be zero or inversely proportional 
to (k/h); a, p, and m occur as exponents so they cannot contain 
(k/h). Therefore, a = 0, and m = pn, leaving c? as the only 
constant involving (k/h). Substitution of these results into 
Equations [27a] and [29] gives Equations [3] and [4]. 

In order to integrate Equation [8] to obtain the fin efficiency, 
dA must be expressed in terms of u; from Equations [4] and [7] 


where all constants have been collected in v; then 


[31] 


Integration of this result to Equation [9] is easily accomplished 
by reference to the integral formulas of Appendix 2. Similar 
considerations lead to Equation [9a]. 


Appendix 2 


TABLES AND PROPERTIES OF BESSEL FUNCTIONS 


Derivatives: 


d 
fu"l,(u)] = [u"K,(u)] = — u"Ke-;(u) 
du du 


[u-"K,,(u)] = —u-"Kn+1(u) 


d 
[u-"T,(u)] = u- "Tn +1(u) 


d d 
(1,(u)] = ~1,(u) +1n+:(u) — [K,(u)] K,(u) —Kess(u) 
du u du u 


Indefinite Integrals: 


= 
T,(u) Tn-1(u) 
du = 


= — 


i? Ka-1(u) 
u” 1 


Identities: 
I-n(u) = 7,(u) and K-»(u) = K,(u) if n = an integer 
2 
T,(u) = In-1(u) — In+1(u) 


n Kn+1(u) Kn-,(u) 


sinh u 
wu 


I*/.(u) 


IT —'/2(u) 


— cosh u 
ru 


I*/.(u) = (ost u— 
ru u 
2 

\2 (sin son's) 
ru u 


ant 
dz 
hai dA [ptctx?” + atx? + a(2 + (m? 
— — = + + a(2m + (m? 
ka dz 2 
- 
Introducing a from Equation [27a] and rearranging ap 
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Tables of Bessel functions are given in the Jahnke-Emde 
“Tables of Functions” (14), and in “Bessel Functions” by Gray, 
Mathews, and MacRobert (13). The latter is a treatise on the 
properties and application of Bessel functions; for more elemen- 
tary discussion sufficient for many engineering purposes, see 
Sherwood and Reed (12). The nomenclature used in this paper 
is that used by Gray, et al. (13). If the Jahnke-Emde tables are 
used, it will be necessary to substitute 7-"J,(tu) for J,,(u), and 
i-*H,,"(iu) for K,,(u) in the various equations of this paper. 


Discussion 


G. M. DustnsBerre.’ For all fin problems the writer recom- 
mends the “relaxation” method of Southwell. This has been 
outlined by Emmons.* There is a great advantage of ease and 
simplicity as compared with the solutions in Bessel functions, 
and there need be no sacrifice in accuracy. In fact, there may be 
a gain in accuracy with thick fins and short cylindrical spines, 
since it is not necessary to make the author’s tenth assumption. 

In Fig. 5, for example, if z,/z, = 4, and w WV h/ky =l,a 
rough calculation gives ¢ = 0.605, neglecting the edge, and this 
agrees very well with the curve. But if we take account of the 
edge, we get @ = 0.583. 

This agrees with the author’s references, that the error in @ 
due to assumption 10 is not large. But the point is, why intro- 
duce an error, however small, for the sake of permitting a certain 
mathematical treatment, when we can avoid that error by the use 
of a much simpler mathematical treatment? 

An inexperienced person, intending to use the author’s curves 
and noting that the edge area was neglected in computing the 
efficiency, might assume that this area should consequently be 
neglected in using the curves to estimate the over-all performance 
of a proposed design. But the edge area may be a considerable 
fraction of the lateral area. It would add to the usefulness of the 
paper if the author would clari/y this point in his closure. 


Watrer Guoyer.’ Next to the fin efficiency, the correct 
spacing of fins is of great importance to the designer. Though 
this is not within the exact scope of the paper, a few words may 
be said about it here. 

If a maximum of heat per unit area of base surface could be 
transferred just by an increase in extended surface, then fins 
placed on close centers would be the ideal solution. Fins have 
to be spaced, however, in such a manner that adjoining fins do not 
interfere with each other. Fig. 7 of this discussion represents 
three adjoining straight fins, showing the so-called boundary 
layers on the center rib as they develop under flow condition, L 
being the length of a straight rib in the direction of flow or 
diameter of a circular rib. Before the fluid stream reaches the 
leading edge of the fin, its velocity is constant over the whole 
cross section. After entering the fin section at the leading edge, 
the velocity field is changed, however. The velocity of the fluid 
is zero at the fin surface and increases within the boundary layer 
to the full maximum. Blasius* investigated the velocity field of 
the boundary layer theoretically and gives for viscous flow the 
following equation for the thickness of the boundary layer 

= 5.83 


w 


*’ Department of Mechanical Engineering, Virginia Polytechnic 
Institute, Blacksburg, Va. Now on duty at U. S. Naval Academy, 
Annapolis, Md. Mem. A.S.M.F. 

* “The Numerical Solution of Heat Conduction Problems,” by H. 
W. Emmons, Trans. A.S.M.E., vol. 65, 1943, pp. 607-615. 

7 American Locomotive Company, New York, N. Y. 

8 “Grengschichten in Flassigkeiten mit Kleiner Reibung,” by H. 
Blasius, Zeit. fiir Mathematik und Physik, vol. 56, 1908, pp. 1-37. 
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leading edge 


Direction of Flow = 


Fic. 7 


For turbulent flow von Karmdén® determined the boundary-layer 
thickness from theoretical considerations and gives the following 


equation 
= 0.37 L ) 
w 


6 = thickness of boundary layer, cm 

v = kinematic viscosity, in stokes, cm? per sec 

w = fluid velocity outside boundary layer, em per sec 
L = distance from leading edge, em 


wherein 


If no interference between adjoining ribs would be allowable at 
all, the distance between them should be twice the thickness of 
the boundary layer as calculated from the foregoing equations. 
To clarify this point, Wagener” carried through a series of tests 
on straight ribs with air as the cooling medium. The ribs were of 
trapezoidal shape, 20 mm high and 20 cm long in the direction of 
flow. For the tests, the spacing of the ribs as well as the air 
velocities were varied. Wagener plotted, as shown in Fig. 8, 
heat transmitted per unit area, time and degrees temperature 
differential for various air velocities against the spacing of the 
ribs. 

Each resulting curve shows, at a certain spacing, a maximum 
which swings with decreasing air velocities to a larger spacing. 
Using a formula of the von Karman type, Wagener found the 
most effective spacing to be about 12 per cent larger than the 
thickness of the boundary layer. These results show that inter- 
ference between adjoining ribs is slight in the outer regions of the 
boundary layer. Using his tests’as a basis, Wagener recommends 
& minimum rib spacing of one boundary-layer thickness. 

A series of tests similar to Wagener’s was conducted at the 
Langley Memorial Aeronautical Laboratory by Oscar W. Schey 
and Herman H. Ellerbrock."! These tests were conducted on 
finned cylinders. All cylinders had a diameter of 4.5 in., and fins 
which varied in height, thickness and pitch. The tests were run 
with air as the cooling medium, and the air velocity was varied 
between 10 and 130 mph. Schey and Ellerbrock observed the 
same phenomena as Wagener, but presented no explanation. 


laminare und turbulente Reibung,”” by T. von 
Zeit. fir Angew. Mathematik und Mechanik, vol. 1, 1921, pp. 233-252. 

10 “Der Warmeuebergang an Kohlrippen,” by G. Wagener, Bethefte 
zum Gesundheits Ingenieur, Reihe 1, Heft 24, 1929. 

11 “Blower Cooling of Finned Cylinders,” by O. W. Schey and H. 
H. Ellerbrock, Jr., U. 8. National Advisory Committee for Aero- 
nautics, Report no. 587, 1937. 
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Max Jakos."* The author has used an idea of R. D. Douglass 
to generalize the equations which describe temperature distribu- 
tion, total heat output, and efficiency of various types of fins. 
This is presented in such a clear and simple manner as is not often 
found in the literature on applied mathematics. The paper 
bristles with Bessel functions; however, an engineer with not 
more than undergraduate knowledge of calculus and who may 
never have heard of Bessel functions should be able to operate 
straightaway with the formulas and one of the tables of Bessel 
functions referred to in the paper. 

According to the outline, contained in the abstract at the be- 
ginning of the paper, some forms are excluded from the author’s 
generalization. One of them is the annular fin requiring a 
minimum of metal, described in E. Schmidt’s paper.'* Using the 
author’s nomenclature, the profile curve of that fin is represented 
by the equation 


A 2r? 3 
or 
2rh 
a= a — 3x,x7 + z,') 


which does not satisfy the author’s Equation [3]. 

The differential equations of temperature distribution and heat 
output of annular fins with triangular or trapezoidal profile do 
not seem to have been solved exactly as yet, nor are they included 
in Gardner’s generalization, except for the special case where 
= const. 

On the other hand, Gardner’s equation covers many cases not 
dealt with in literature so far. So the generalization in addition 
to its aesthetic value from a mathematical viewpoint possesses 
considerable practical value for engineering purposes. 


C. F. Kayan." The excellent treatment of the fin problem 
by the author leads one to consider comparative methods of 
analysis by other means. Herein the validity of some of the 
different assumptions cited by the author and by other workers in 


‘2 Consultant in Heat Research, Armour Research Foundation; 
Research Professor of Mechanical Engineering, Llinois Institute of 
Technology, Chicago, Ill.; Nonresident Research Professor of Heat 
Transfer, Purdue University, Lafayette, Ind. Mem. A.S.M.E. 

‘8 Reference (4) of author’s bibliography. 

‘4 Assistant Professor, Department of Mechanical Engineering, 
Columbia University, New York, N.Y. Mem. A.S.M.E. 
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this field might be verified, and possibly the effect of a varving 
heat-transfer coefficient over the fin surface could be studied. 
It is believed that the use of a geometrical type of electrical 
analog could uncover some interesting information along this 
line. The present paper prompts such a study, with one objec- ~ 
tive being the determination of isotherms under different condi- 
tions of fin shape and of boundary conditions. 


H. B. Norrace.'* The author of this paper is to be compli- 
mented for having presented an excellent analytical summary of 
the extended-surface heat-transfer problem which lends itself 
very neatly to the treatment of different geometrical contours. 
With the usual idealizations and boundary conditions being in- 
voked, it is significant to note how Bessel’s equation may be 
employed to represent the different cases. For most practical 
designs, it would commonly be possible to describe the efficiency 
of representative fin types, which can be manufactured through 
ordinary procedures, either in terms of some one or another of the 
solutions presented or through an approximate interpolation. 

Certain considerations beyond the simpler cases remain for 
future study, however, and it may be helpful to offer a few 
comments based upon recent experience in similar analyses. 

The simplification introduced by the assumption that the heat 
transfer from the outer edge of the fin tip is negligible, which 
leads to the author’s Equations [6] and [6a], is certainly justi- 
fiable for most ordinary problems. However, for precise analy- 
ses of large fins, such as those employed on air-cooled engine 
cylinders, this assumption may be undesirable. The tip-effect 
correction suggested by Harper and Brown” is believed to 
offer a better approximation. 

It may further be worthy of mention to point out that F. D. 
Bennett has obtained a solution to the case of an annular fin of 
tapered straight-sided form, described by the sectional contour 
equation 


= — const (x — 


employing the author’s nomenclature. 

This was accomplished through attacking the difficult differ- 
ential equation by Picard’s method of successive approxima- 
tions, which is an iteration procedure. The details here are 
reasonable but tedious, so that there is probably little to recom- 
mend for most practical engineering purposes. Harper and 
Brown suggest an approximate treatment for this type of fin in 
terms of a taper correction derived for a straight-base fin, and this 
seems the best simple expedient. 

Finally, it may be well to point out an aspect of the fin-design 
problem which has been dealt with only by inference in this and 
other recent papers. Fin systems in which the fins are especially 
wide, and where the fluid medium passes through the interfin 
passages for an appreciable length, offer important design 
problems. In these more extended systems the boundary condi- 
tions and analytical concepts become more involved than those 
given here. Point-to-point considerations of the unit surface 
conductance h, and of the velocity and temperature fields in the 
fluid become quite important. Compressible fluids make things 
still more involved. 

The fin efficiency then does not remain the constant quantity 
at all positions along the fin which might be assumed from an 
application of the simpler analyses. To aid in appreciating the 
involved features possible, one might visualize this extension of 

% Project Engineer, Pratt & Whitney Aircraft, East Hartford, 
Conn. Jun. A.S.M.E. 

16 Reference (3) of author’s bibliography. 

1 “The Mathematics of Physics and Chemistry,” by H. Margenau 


and G. M. Murphy, D. Van Nostrand Co., New York, N. Y., 1943, p. 
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the basic fin problem as a peculiar type of cross-flow heat ex- 
changer, in which a conduction heat stream has replaced one of 
the fluids. It is believed that analyses of the problems involved 
in this connection may produce some interesting results, for in- 
* stance, in the question of a design study to establish fin dimen- 
sions for a specified performance. 


P. R. Trumpier.'® The use of extended surface in industrial 
applications is rapidly increasing in scope, and often the eco- 
nomics of a design show great advantages to be gained with large 
ratios, such as 20 or 30 to 1, of extended to prime surface. Fin 
efficiency may be a very important factor in such cases. 

The problem which the author has solved is idealized, as he has 
clearly pointed out. In most commercial installations the fin 
efficiency is 90 per cent or better, and even an appreciable error in 
determining its value is not serious. It is, however, pertinent to 
examine the assumptions to find if they are sufficiently close for 
other applications. 


Let us concern ourselves only with the author’s assumptions 6 
and 7. With longitudinal or spine fins on tubes, it is apparent 
that with transfer of sensible heat from a flowing fluid, the longer 
the fin the wider the variation in film coefficient and the variation 
in temperature of fluid surrounding the fin. For long fins, how- 
ever, the efficiency is much more important than for short fins, 
and it is exactly the condition of long fins that stretches the 
assumptions. 

Next, let us see if the assumptions give a conservative value of 
fin efficiency in the cases cited. In general, the film coefficient 
will be less at the base than at the tip of the fin, and the fluid 
temperature will be closer to the prime-surface temperature near 
the base than near the tip. The heat load is therefore greater 
at the tip, and less at the base, than the author’s equation would 
indicate. Thus the calculated fin efficiency is higher than it 
should be, and we conclude that the calculated values are not 
conservative. 

The possibility of changing assumptions 6 and 7 is not without 
interest. With much hesitation, the writer proposes a mecha- 
nism, as yet untried, to improve the situation for the case of flow 
parallel to the axis of a finned tube. The flow is channeled into a 
number of annular spaces separated by membranes as indicated 
by the dotted lines in Fig. 9 of this discussion. The film co- 
efficients, fluid temperatures, and fin efficiency may be calculated. 
(The equations for an annulus of differential thickness may be 
readily set up if the hydraulic diameter is taken as the distance 
between two adjacent fins at the annular radius.) If the film 
coefficient at the membranes is taken as infinite, assumption 7 


18 Development Engineer, M. W. Kellogg Company, New York, 
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holds. True fluid-temperature conditions exist for membrane- 
film coefficients which are finite but greater than zero. 

The proposed mechanism replaces assumption 6 and permits a 
conservative assumption in place of 7. It remains to be seen 
whether the mechanism can be handled mathematically. 

In crossflow over finned tube an appreciable variation of 
film coefficient is to be expected, and the author’s values of ef- 
ficiency must be used with particular care. 

With most finned tubes a thermal resistance of appreciable 
importance is added when the fin is bonded to the tube by 
pressure contact, solder, or welding. It may be noted that this 
thermal resistance, often included in the “fin efficiency” of 
engineering terminology, is not included in the term as used by 
the author. 


AvuTHOR’s CLOSURE 


It is gratifying to observe the extent of interest in this particu- 
lar phase of heat transfer apparent in the comments received. 
Several points requiring amplification are discussed in the fol- 
lowing. 

In the preparation of this paper it was necessary, due to space 
limitations, to eliminate certain sections. Among these was that 
dealing with heat flow through the fin edge, upon which ques- 
tions are raised by Mr. Nottage and Commander Dusinberre. 
Assumption 10 is not at all necessary to the author’s treatment in 
terms of Bessel functions; it merely simplifies the expressions 
for 8, Equations [6] and [6a], without introducing, in most cases, 
any significant error. The proper statement of boundary con- 
dition 2, following Equation [4], is 


de h 
2 =2,>=—-0 
(a) when x = i 
from which, for n equal to zero or an integer 
In- 1 (u,) 
| k(dA /dr), 
= — [32] 
K 
-1 (u,) — k(dA /dz), n(U,) 
or for n equal to a fraction 
1 | ha 
(u,) + /dz), I,,(u 
= — . [82a] 
la 
Dus ——*___]_, 
| 1 n(U,) + ‘dz), (u,) 
The exact expression for ¢ is 
Ay 
af, + 6dA 
¢= [33] 


(a, + Ay)6, 


Harper and Brown suggest that substantially the same result 
may be obtained by considering the fin to be of height, w -+ y., 
instead of w, and using the simpler equations. The fin surface 
exclusive of the edge area should be used in conjunction with the 
fin efficiencies presented in this paper. The gain in accuracy 
by taking the edge area into account may be illusory, since a fin 
of such dimensions as to make this area an appreciable fraction 
of the total will probably also violate assumption 9. Professor 
Kayan’s electrical analog seems the simplest solution for such 
cases. 

The variation of film coefficient and ambient temperature 
which is ignored by assumptions 6 and 7, is probably most ap- 
preciable for single annular fins as pointed out by Mr. Nottage. 
For flow across banks of annular finned tubes, the temperature 
change over any one film will be considerably less. Although it is 
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certainly desirable to know as accurately as possible each of the 
component parts in the resistance to heat flow through extended 
surfaces, it should be borne in mind that the sum of these re- 
sistances (reciprocal heat-transfer coefficients) is the ultimate 
object. Test data taken to determine film coefficients on ex- 
tended surface yield an over-all resistance; the outside film re- 
sistance sought is obtained by subtracting the other known re- 
sistances, among them a metal resistance derived from the fin ef- 
ficiency. Any errorin ¢ due to the assumptions made is there- 
fore reflected in the experimental values of h. However, this 
resistance (1/h) will ordinarily be used in combination with other 
different internal film and metal resistances. If the latter are 
based on the same assumptions as used in the original analysis 
of the test data, much of the error is canceled out in the sum, 
so that the net effect on over-all heat-transfer coefficient is not so 
serious as a casual consideration of the points raised by Nottage 
and Trumpler might suggest. 

The author has not had an opportunity to try either of the 
suggestions for avoiding assumptions 6 and 7 made by Nottage 
and Trumpler but will add one further suggestion for considera- 
tion. If the film coefficient A can be expressed in certain func- 


tions of z or 6, Equation [1] can still be solved in many cases, 
thus eliminating assumption 6. 
The ease and speed with which numerical results may be ob- 
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tained by Southwell’s “relaxation” method as recommended by 
Commander Dusinberre is certainly impressive; however, its use 
seems to be limited to the solution of specific numerical problems. 
The choice between such a solution and an analytical solution 
appears to be comparable to a machine-shop problem: A certain 
operation may require one hour setup time for fifteen minutes of 
actual machining; by spending eight hours on making a suitable 
jig the setup time may be reduced to ten minutes. If less than 
ten parts are to be made it will not pay to make the jig; for any 
greater number it will. The author believes the fin efficiency 
curves constitute a well-justified jig for the solution of extended- 
surface problems. 

The digest of the literature on fin spacing contained in Mr. 
Gloyer’s comments is a welcome addition to the symposium on 
extended surface. So also is Dr. Jakob’s inclusion of Schmidt’s 
equations for the most economical annular fin. 

Dr. Jakob’s comment on annular fins with triangular or trape- 
zoidal profile is partially answered in Mr. Nottage’s remarks, 
although the solution obtained is not claimed to be exact. How- 
ever, the author has been advised by Dr. G. E. Tate!® that he 
has obtained an exact solution in terms of Mathieu or allied 
functions. 


1# Research Physicist, Foster-Wheeler Corporation, New York, 
N.¥. 
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Tube Spacing in Finned-Tube Banks 


By S. L. JAMESON,' SCHENECTADY, N. Y. 


One of the methods used to fulfill application require- 
ments in the design of finned-tube gas coolers for indus- 
trial use more adequately is to vary the spacing of the 
tubes. In the past there has been very little information 
available on the effect of tube spacing on cooler perform- 
ance. This paper covers the results of a series of tests 
made to determine the effect of tube spacing on the pres- 
sure drop and the heat-transfer coefficient of air flowing 
across a bank of helically finned tubes. ‘The tests covered 
a wide range of tube spacings, both at right angles to air 
flow and between rows in the direction of air flow. All 
tests were made on staggered tube rows. The tests showed 
that tube spacing has a marked effect on air pressure drop, 
but a negligible effect on the air-side heat-transfer co- 
efficient. The number of fins per linear inch of tube hada 
similar effect. Baffles in the spaces at the ends of short 
tube rows were found to be beneficial in minimizing edge 
effects, the improvement in heat transfer gained by their 
use more than compensating for the increase in air pres- 
sure drop. 


NOMENCLATURE 
THE following nomenclature is used in the paper: 


A = air-side tube and fin surface, sq ft per linear ft 

B = projected tube perimeter, ft per linear ft 

b = spacing between tube rows in direction of air flow, in. 

c, = specific heat at constant pressure, Btu/(Ib)(deg F) 

d = equivalent diameter of finned tube, ft = 24/xB 

D = equivalent diameter of tube bundle, as defined by 
Equation [5], ft 

f = friction factor = APpg/2G?V 

g = acceleration due to gravity, {t/hr? 

G = mass velocity, lb/(hr)(sq ft) free area in 4 row of tubes 

h = true air-film heat-transfer coefficient, Btu/(hr)(sq ft) 
(deg F) 


= fin height, ft 
j = heat-transfer factor = 
k = thermal conductivity, Btu/(hr) (sq ft)(deg F)/(ft) 
N = cooler depth, rows of tubes in direction of air flow 
Ap = pressure drop over tube bank, in. water 
AP = pressure drop over tube bank, psf 
r = diagonal spacing between tubes in successive rows, 
diameters d 
R = Reynolds number 


= tube spacing across cooler face, diameters d 

= fin thickness, ft 

U = over-all heat-transfer coefficient, Biu/(hr) (sq ft) (deg F) 

= water velocity in tubes, fps 
= ratio of heat-transfer rate from water to tube at any 
temperature to that at 90 F average water tempera- 
ture 

p = density, lb per cu ft 

u = viscosity, (Ib) /(hr) (ft) 


‘ Engineer, General Electric Company. Jun. A.S.M.E. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944, of Tue 
AMERICAN SocieTy OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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spacing between fins, ft 
C,n = constants 


Test Metruop 


The range of tube diameters and tube spacings tested was 
made possible by the use of a flexible-duct construction to set up 
the tube banks. The over-all size of the duct was determined 
from a study of the capacity of the existing fan and duct equip- 
ment, the test banks being made as large as possible in order to 
make the results more directly applicable to commercial air- 
cooler design (see Table 1). 


TABLE 1 PHYSICAL DATA FOR TUBES AND TEST SECTION 
Tubes: 
Diameter of bare tubes, 
ins: 

Number per linearinch 8.7 7.0 9.05 8.8 7.0 

Outside diameter, in. 1.121 1.463 1.737 

Thickness, in........ 0.010 0.012 0.012 

Height/2 X spacing. 1.133 0.895 1.746 1.751 1.357 
Surface,sqft perfttube 1.138 0.946 049 2.560 2.085 
Projected area, sq in./ft 

8.24 8.14 10.19 13.19 13.01 
Projected perimeter, ft/ 

tame. 10.3 8.67 14.48 14.54 11.98 
Equivalent diameter, ft 0.0702 0.0693 0.0901 0.1119 0.1108 
Ratio gas to water-side 

8.25 6 86 12.02 10.85 8.85 


Test section: 
Width between side 
23'/2 
Length of tubes, in... . 24 
Centers first to last tube 


in long row,in....... 22.18 21.80 21.55 
Center outer tube to 

side of duct, in....... 0.66 0.85 0.975 
Height of baffle in short 

tube rows, in... . 0.40 0.44 0.44 
Tubes in long tube row 13 to 19 9tol5 8 to 12 


The initial setup provided for making isothermal pressure-drop 
tests only. Three to six pressure-drop measurements were made 
for each tube-bank arrangement, covering about a 10-to-1 range 
in air flow. Most of these tests were run at room temperature. 
A few check tests were made at 120 to 140 F. 

When it became apparent that there was considerable variation 
in air pressure drop with tube spacing, the test duct was altered 
so water could be circulated through the finned tubes and heat- 
transfer data obtained. 

Air-pressure-drop readings were taken during all heat-transfer 
test runs. In these tests the air temperature drop over the tube 
banks varied from 10 to 100 deg F. The average air temperature 
was taken as the arithmetic-mean water temperature plus the log- 
mean temperature difference between water and air. 

All pressure-drop data were corrected to an average air tem- 
perature of 120 F, and a pressure of 14.7 psia. Correction factors 
for test pressure and temperature were based on constant mass- 
air velocity, assuming that pressure drop varied as the 1.75 power 
of air velocity. (An error in the assumed value of this coefficient 
has no effect on the correction factors for pressure, and a 
negligible effect on the correction factor for temperature, if the 
factors are based on mass velocity instead of on linear velocity.) 
These correction factors are given in Fig. 5. There was no 
appreciable deviation between the results of the isothermal 
pressure-drop tests and those of the varying temperature tests 
on a given tube bank. 

Heat-transfer test runs on each tube bank were made at the 
maximum water velocity through the tubes obtainable for each 
setup, usually about 4 fps, and at approximately 1 fps for each 
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Fig. 1 Sxketcu or FINNED TuBING USED For TESTS 


of at least two different air flows. In several cases check tests 
were made at about 2-fps water velocity. Special care was taken 
to hold the mass-air velocity constant for each set of tests at 
varying water velocities. 

The heat-transfer test data were correlated by plotting 


1/U versus 1/yV°* 


The temperature drop through the tube wall is negligible and 
special care was taken to keep the tubes clean, so the zero inter- 
cept of this curve is the reciprocal of the effective air-side heat- 
transfer coefficient. The “effectiveness factor’ of the fins is 
readily caleulated for any effective air-side heat-transfer coeffi- 
cient, and the true air-side heat-transfer coefficient obtained. 
This correlation takes into account variations in average water 
temperature. Variation of average air temperature affects the 
heat-transfer coefficient about 1 per cent for each 25 deg F and 
was neglected since the average air temperature was maintained 
within 15 deg F of the 120 F correlating temperature. 


EQUIPMENT AND MEASUREMENTS 


The tests were made in a duct system especially designed and 
constructed for air-flow testing. The general arrangement is 
shown in Fig. 3. 

The air-circulating blower was driven by a direct-current 
motor with a 10:1 speed range. Fine adjustments in air flow 
could be obtained by adjustment of a damper in the duct ahead of 
the blower. 

Air flow was measured by rounded-approach nozzles of spun 
aluminum geometrically similar to nozzles calibrated by the 
Bureau of Standards. In each test enough nozzles were plugged 
to make the pressure drop over those in use between 0.5 and 1.0 
in. of water. The air pressure drop over the nozzles was meas- 
ured by an Ellison inclined draft gage with 0.01-in. water scale 
divisions. 

The air pressure drop over the test section was measured by an 
Ellison draft gage, calibrated in 0.01-in. scale divisions for the 
first inch of water and 0.1-in. divisions for the next 5 in. 

The pressure tap in the inlet duct to the test section was a 
‘/,-in. hole in a plate flush with the duct wall 12 in. upstream 
from the coil face. All other pressure taps were '/,-in. tubes 
with '/3:-in. holes at intervals over a 4-in. length. These tubes 
were enclosed in 2 X 2 X 6-in. cages of fine-mesh screen con- 
taining a ribbon of screening wound back and forth over the 
tubes. Tests have shown that this arrangement reads true 
static pressures, even in the presence of considerable velocities. 

Air temperatures were measured with copper-Copnic thermo- 
couples on a thermocouple potentiometer having 1-deg-F scale 
divisions. The thermocouples and potentiometer were cali- 
brated against laboratory standards and all temperature measure- 
ments were corrected for calibration errors. Radiation shields 
were used on all thermocouples to minimize errors. 

The water circulated through the test coil was taken from an 
overhead tank equipped with an overflow to insure a constant 
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Fig. 2) Skercu or ARRANGEMENT 


gravity head. Partial recirculation with make-up water from the 
city mains was used to maintain constant water temperature to 
the test section. 

Water flow was measured by a sharp-edged orifice, calibrated in 
place by means of a weigh tank. Colored carbon tetrachloride 
was used for the manometer fluid in order to magnify the deflec- 
tion. 

Water temperatures were measured by precision-type ther- 
mometers inserted directly into the flowing water through packed 
openings. The thermometer wells were located as close to the 
test coil as possible and the pipe insulated for a distance of 6 in. 
on either side of the well. The thermometers were marked in 
0.1-deg F scale divisions and were calibrated to 0.01 deg F, 
against laboratory standards. 

The test section consisted of a steel framework to support inter- 
changeable fiberboard tube sheets. Fiberboard side 
were fastened permanently to the frame. The tubes were 
standard admiralty-metal condenser tubes wound with copper 
fins. 

The first tests were made for pressure drop over the tube 
bundle only, and for these tests a length of '/, in. was left bare of 
fins at either end of the tube for insertion into the tube sheets. 
When the program was extended to include heat-transfer studies 
the test section was modified so the tubes projected through the 
tube sheets about 1 in., Fig. 1. Special water headers were 
made up and connected to the tubes by rubber tubing. Connec- 
tions between successive rows of tubes in the direction of air flow 
were also made by rubber tubing. Most of the tests were made 
with one row of tubes per pass for water flow. The inside of the 
tubes was carefully cleaned before each test. 


sheets 


ReEsuLts oF Tests 


Since the tests covered by this paper were made primarily to 
obtain data for use in the design of cooling equipment for indus- 
trial machines, all data were corrected to an average air tem- 
perature of 120 F and a pressure of 14.7 psia. 

Pressure-Drop Tests. The test results showed the pressure 
drop over a tube bank of two or more rows depth to be directly 
proportional to the number of rows of tubes depth. The 
Fanning equation for flow over a tube bank has therefore been 
set up as 

{1} 


In general, the friction factor is a function of Reynolds number 


The pressure drop over a tube bank at a specific pressure and 
temperature may be expressed as 


Ap = 10-"CG" in. (3) 


For flow through a pipe, the value of n is about 1.8. The 
value of n for pressure drop over a tube bundle was found to vary 
from about 1.7 to 1.9 in these tests, the highest values being 
obtained with a very wide tube spacing across air flow and closely 
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spaced rows in the direction of air flow. A study of the values of 


n showed the following: 


(a) An increase in value as tube spacing across the face of the 
cooler increased. 

(6) A minimum value for the spacing between rows at which 
the free area through the diagonal openings between two succes- 
sive rows of tubes equaled that in a single row of tubes. 

(c) A decrease in value as the number of rows of tubes in- 
creased. 


A possible explanation of these variations is that the pressure 
drop over a tube bundle is a combination of velocity-head losses, 
due to the nozzle effect in passing through the minimum spaces 
between tubes, and frictional losses. The indication from the 
tests is that the frictional losses would vary as some power of @ 
less than 1.7. The velocity-head loss due to the nozzle effect 
would vary as the square of G. In the case of close tube spacing, 
the loss is mostly frictional and the value of n is therefore low. 
As the tube spacing increases, the frictional component of pres- 
sure drop decreases relative to the velocity-head component, and 
n therefore increases. When the minimum free area through 
the diagonal openings between two successive rows of tubes 
equals that in a single row of tubes, the flow path is almost 
nearly uniform, the velocity head component is a minimum, and 
the value of n is therefore a minimum. 

From the standpoint of obtaining design information and for a 
general study of the effects of tube spacing it was found con- 


venient to use an average value of n for the various tube arrange- 
ments. Equation [3] then becomes 


Ap = 10-7CG".75 


The values of C for this approximation and the values of n in 
Equation [3] are given for the various tube arrangements tested 
in Table 2. 

Using the values of C in Equation [4], the curves in Fig. 4 
showing the variation of pressure drop with tube spacing were 
plotted. The variation in pressure drop with tube spacing across 
the face is nearly enough independent of the spacing between 
rows to enable using a single curve for each tube diameter for the 
correction for tube spacing across the cooler face. The same 
condition holds for the correction for variation of the spacing be- 
tween rows in the direction of air flow. 

The curves for correction factors for tube spacing given in 
Fig. 5 are based directly on the curves in Fig. 4. The one 
exception is the curve for variation in spacing between rows for 
3/,-in. tubes. This curve has been drawn more conservatively 
than would be indicated by Fig. 4, in order better to line up with 
the curves for 5/;-in. and l-in. tubes. This may not be com- 
pletely justified, but from the design standpoint it was felt that 
any error should be on the conservative side. 

The correction factors given in Fig. 5 are adjusted for tube 
spacing so a single curve of pressure drop versus mass-air velocity 
may be used for all sizes of finned tubes. 

Baffles placed in the spaces at the ends of the short tube rows 
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(see Fig. 2, and Table 1) were found to be of considerable value in 
reducing edge effects, particularly in the case of heat transfer. 
Check tests showed a baffle made up of an angle with the open 
side laid against the side of the cooler had the same effect as a 
half-tube. Since an angle-type bafile is convenient. from the 
standpoint of production, most of the tests were made with angle 
baffles. The effect of the baffles on pressure drop was found to be 
about as the 1.75 power of the ratio of the tree area in a short 
tube rew to the free area in a long tube row. 

The correlation between field tests of coolers installed in 
machines with the pressure drop calculated by the use of the fac- 
tors given in Fig. 5 has been very good. The deviation has been 
less than 5 per cent, even with coolers very narrow across air flow 
and with closely spaced rows in the direction of air flow. 

A relation of the form of the Fanning equation which would 
correlate the data for all the tube sizes and arrangements tested 
would be of considerable value in predicting the performance of 
new finned-tube designs and also in improving present designs. 
Considerable time was spent trying to obtain such a relation, 
but without complete success. 

The following empirical relation for the “equivalent diameter” 
of a tube bank correlates the data fairly well for tube banks in 
which the free area in an individual row of tubes is less than that 
in the diagonal openings between two successive rows of tubes. 


d 


Equation [2], using this expression becomes 


Equation [4] becomes 
Ap = 9.56 X in. water........ [7] 


(This relation applies only for air at 120 F average temperature 
and 14.7 psia pressure.) 


Although these relations are empirical, they cover the usual 
range of design and give an indication of the effect of some of the 
variables on pressure drop. The relations should not be used for 
Reynolds numbers less than 500 or more than 10,000. 

Term f is plotted against R in Fig. 6 for the highest and lowest 
test air flows for all tube arrangements tested in which the mini- 
mum free area was that in a single row of tubes. 

If the test values of f shown in Fig. 6 are approximated by 
the broken line, this line refleets the increase in the value of n in 
Equation [3] with tube spacing. An increase in tube spacing in- 
creases the ‘equivalent diameter” of the tube bank, and there- 
fore the Reynolds number. 

Fig. 7 shows a comparison between the friction factor for the 
tube-spacing tests and the friction factors obtained in tests of 
larger commercial units. Curves d and e cover tests made at 
pressures up to 15 psig. The comparative data given are for 
coolers having the free area through the diagonal openings be- 
tween two successive rows of tubes greater than that in an indi- 
vidual tube row. Test data on a commercial cooler in which the 
minimum free area was through the diagonal openings between 
successive tube rows checked that for model tests on a similar 
spacing closely, but do not line up with the friction-factor curve. 
Such coolers are definitely outside the range of application of 
Equations [5], [6], and [7]. The pressure drop over such coolers 
may be calculated from Fig. 5, however. 
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Heat-Transfer Tests. There was no apparent variation in the 
air-side heat-transfer coefficient with tube spacing in any of the 
tests made with batHes in the spaces at the ends of the short tube 
rows. The mass-air velocity used for heat-transfer data was 
based on the free area in a single row of tubes, regardless of the 
relative magnitude of the free area in the diagonal openings be- 
tween successive rows of tubes. 

Without the baffles in the spaces at the ends of the short tube 
rows, the apparent air-side heat-transfer coefficient: was lower, 
especially in the case of tubes spaced close together across air 
flow. In this case the omission of a tube in the short tube row 
has a slightly greater percentage effect on the free area. 
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The stondord air pressure drop curve 1s bosed on. 
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With the baffles omitted the air at the sides of the cooler is only 
partially cooled. This has been checked several times by thermo- 
couple traverses across the face of a cooler. This partially cooled 
air has the effect of lowering the apparent heat-transfer coefficient 
much more than does the decrease in average mass-air velocity 
due to the increased free area in the short tube rows. The 
baffles almost completely eliminated these ‘edge effects.” 

The improvement in heat transfer gained by the use of bates 
in the short tube rows more than compensates for the increase in 
air pressure drop. In addition, the use of baffles makes the heat- 
transfer coefficient independent of cooler width and of tube spac- 
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ing. For these reasons baffles are specified for all coolers less 
than 2 ft in face widtn and for many wider coolers. 

Fig. 8 shows the air-side heat-transfer coefficients obtained for 
the various tube bundles tested as a function of mass-air velocity. 

The dimensionless heat-transfer factor j7 was plotted against 
Reynolds number to correlate the tests on various sizes of tubes. 
The best correlation was obtained using Reynolds number based 
on the equivalent diameter of an individual tube rather than 
by using the diameter defined by Equation [5]. The curve of 7 
versus R for all tests made with baffles in the short tube rows is 
given in Fig. 9. 

In all cases the average air-side heat-transfer coefficient de- 
creased as the cooler depth decreased. A study of the results 
indicated that for a cooler of N rows of tubes depth, N-1 rows 
will have a relative performance of 1.0, and one row will have a 
relative performance of 0.7. Since most coolers for industrial 


equipment are more than four rows of tubes deep, the effect of 
cooler depth on over-all performance may be neglected in design. 

A curve showing the heat-transfer factors obtained in tests of a 
commercial turbine-generator cooler is also given in Fig. 9. The 
discrepancy between this curve and the results of the tube- 
spacing tests is in line with previous model tests. For some un- 
explained reason tests of sample-size coolers usually give 4 
higher air-side heat-transfer coefficient than is obtained in tests 
of commercial coolers. On the other hand, pressure-drop data 
usually check closely. 


RELATED Data AND SuGGESTIONS FOR Furure TEsTS 


There are few data available from other sources on the effects 
of varying tube spacing in finned-tube banks. 

Pierson, Huge, and Grimison have reported on a series of tests 
on the effect of spacing of bare tubes on heat transfer and pressure 
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TABLE 2 VALUES OF n IN EQUATION [3], Ap = 107? CGa, AND VALUES OF C IN EQUATION [4], Ap = 107? CGt75 
(a) for 5/8 inch 0.D, Tube Tests. 


Svec. | tows 


Values of n, Ap = 107 


Values of Cc, Ap 10 Togte 5 


betw. | tubes. 


spacin:» across cooler fuce in inches 


rows, |deep 


in. 1.232/1.504| 1.478) 1.705 


1.348} 1.848 


7.0 fins per inch 


Nithout baffles in short tbe rows 


1.35 8 1.744)1.749] 1.749! 1,760} 1.779} 1.647) 1.600| 1.522/1.350/] 1.293 
1.35 4 1.835 | 0653 
1.05 2 1.877 0 604 
With baffles in short tute vows 
1.35 | 8 1.757|1.758| | [1.779] 1.720|1.674| | | 1.364 
8.7 fins per inch 
Without baffles in snort tube rows 
0.75 8 1.7274 1.779 
0.865 8 1.719 1.664 
1.05 8 1.759 1.643 
1.063 8 1.719 1.931 
1.55 8 1.726 1.756 1.785] 1.809 1.600 ig#?t2 
1.36 4 e905 
1.35 lettre 04635 
2.00 8 1.809 1.953 
With baffles in shor’ tube rows 
1.063 8 1.739 2.099 
1.35 8 1.736 1.769 1.781] 2.094 1.814 1.586 
1.55 4 1.790 0917 
1.55 2 1.832 0466 
1 0247 


*Mininmum free area in diagonal openings between successive tube rows, 


On frontal plane free areas 
0.75 | 8 | | | | 


drop in crossflow over tube banks in a group of three papers.” 
An expression similar to that for the “equivalent diameter’ of 
the tube bank used to correlate the finned-tube-spacing tests was 
of no value in correlating their data for bare tubes. The finned- 
tube tests do agree with the data for bare tubes in that the varia- 
tion of heat transfer with tube spacing was small, but that there 
was considerable variation in air pressure drop. In both cases 
the pressure drop at a given mass-air velocity decreased with in- 
crease in tube spacing. 

On the basis of the results of the tests covered by this paper it 


2 ‘Experimental Investigation of Influence of Tube Arrangement 
on Convection Heat Transfer and Flow Resistance in Crossflow of 
Gases Over Tube Banks,” by O. L. Pierson, Trans. A.S.M.E., vol. 59, 
1937, pp. 563-572. 

‘Experimental Investigation of Effects of Equipment Size on 
Convection Heat Transfer and Flow Resistance in Crossflow of Gases 
Over Tube Banks,”’ by E. C. Huge, Trans. A.S.M.E., vol. 59, 1937, 
pp. 573-581. 

“Correlation and Utilization of New Data on Flow Resistance 
and Heat Transfer for Crossflow of Gases Over Tube Banks,’’ by E. D. 
Grimison, Trans. A.S.M.E., vol. 59, 1937, pp. 583-594. 


[1.727 | | | | | 2.254 


is suggested that any future tests on the effects of tube spacing be 
made with half-tubes or baffles in the spaces at the ends of the 
short tube rows. This gives much more consistent and more 
generally applicable data. 

A wider range of tube diameters and of the number and height 
of fins would enable a better determination of the effect of tube- 
design variables and thereby aid in predicting the performance of 
new designs. 


Discussion 


A. Y. Gunvrer® and W. A. Suaw.4 The author has done an 
admirable job in the presentation of some usable design data for 
finned-tube gas coolers. 

‘Director of Development, Alco Products Division, American 
Locomotive Company, New York, N. Y. Mem. A.S.M.E. 

‘Heat Transfer Engineer, Research and Development Depart- 


ment, Alco Products Division, American Locomotive Company, 
New York, N. Y. Jun. A.S.M.E. 
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(od) for 3/4 inch 0.D. Tube Tests, 


Spac. 

rows 
in. 


Rows 
Tubes 
deep 


Values of n, Ap = 107 "ca" Values of C, Ap = 1077cGl+ 75 
Tube spacing across cooler face in inches 
1.557| 1.676| 1.982 |2.422) 2.725 | 1.557/1.676)1.982 2.422) 2.725 


9.05 fins per inch 


0,80 

0.80 

0.80 

1.162 
1.375 
1.400 
1.500 
1.750 
1.750 
1.750 


0 

1.375 
1.375 
1.3575 
1.400 
1.500 
1.750 
1.750 
1.75C 


0.80 
9.80 
0.80 
0.80 


LD 


ADM D 


8 
4 
2 


he To? 
1.676 
1.715 
1.742 


1.721 
1.691 
1.698 
1.702 


1.730 


1.754 
1.721 


stth baffles in snort tube 


1.733 
1.757 
1.757 


1.7356 
1.710 


*Minimum area in diagonal 
On frontal plane free areas: 


Without baffles 


8 With baffles 


In a few instances, clarification of certain points seems desirable 
for a more ready comprehension of the paper: 

Under “Nomenclature” in the definitions of r and s, it is sug- 
gested that “diameters d’’ be more specifically stated as being 
“equivalent diameters, previously defined.”’ 


Without baffles in short tube rows 


1.755 


1.769 


1.750|)1.775 


1.771 
1.7738 
1.775 


1.745 
1.748 


1.863 


1.722 
1.753% 
1.780 
1.731 


1.754 


1.775 


1. 7584 


1.749 


1.793 


1.722 
1.7535 
Le 780 
1.758 


2.127 
2.056 
1.000 
0.497 


22083 
22596 
1.109 


0553 


22015 


1.988 
1.896 


2.282 
1.098 
0533 


2.250 
20251 


1.876 


1.876 
1.702 


2.058 
2969 
2481 


2.013 
1.958 


openings between successive tube rows. 


In the tables and in Fig. 2, the “spacing between rows” 


1.155 
2652% 
2 004% 

1.668 


1.447 


1.458 /}1.556 


1.323% 


1.600 


1.454 


e215 


1.742 
0952 
2458 

1.997 


(shown as 6 in the figure) should be tied together, with a listing 
under the nomenclature, to prevent any misinterpretation 
with rd, the “diagonal spacing.” 
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Spac.| Rows | Values of n, Ap = 1077’cG" | values of C, Ap = 1077cGl-75 
ot retin Tube spacing across cooler face in inches 
in. 1.959 | 2.155 | 2.694! 3.079 1.959] 2.155 | 2.694] 3.079 
720 fins per inch 
Without baffles in short tube rows 
206 8 1.697 | 1.750] 1.720 1.355 
8.8 fins per inch 
Without beffles in short tube rows 
1,00 8 1.728 1.538% 
1.00 4 1.730 » 7693: 
1.20 8 1.7273 1.805* 
1.41 8 1.725 1.948 
1.70 8 LeTT? 1,604 
2.06 8 1.717 | 1.750 | 1.767 | 1.781 1.959} 1.805] 1.601| 1.477 
With baffles in snort tube rows 
2.06 | 8 | 1.721] 1.781] 2.122 1.529 


*Minimum fre2 area in diagonal openings between successive tube rows. 
On frontal plane free areas 


1.00 


1.725 
1.7350 
1.727 


2.485 
1.245 
22000 
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A General Correlation of Friction 


Factors for Various Types of 


This paper is the elaboration of an unpublished one by 
the late E. S. Davis and A. Y. Gunter, which was released 
only to the National Advisory Committee for Aeronautics. 
The present work, using the friction-factor correlation 
proposed for bare tubes by Davis and Gunter, demon- 
strates its merit as a general method for correlating on a 
single line, pure crossflow friction over both bare and 
extended surfaces. This result is made possible through 
the use of an equivalent volumetric hydraulic diameter D,, 
in both the Reynolds number and the ordinate, plus con- 
figuration ratios of the form (D,/S;)" and (S,/S,)" in the 
ordinate. Friction factors for bare tubes of diameters 
from 0.02 in. to 2 in. are included, with transverse and 
longitudinal pitches ranging from 1.25 to 5 diam. Ex- 
tended-surface crossflow friction reported on herein 
covers external round and square cross fins, both meshed 
and unmeshed, finned cylinders, radiator core-type sur- 
face, and one sample of internal wire-mesh fins. It is 
shown that flat plates and core-type surface with turbu- 
lence promoters do not correlate well on the proposed 
curve. 


NOMENCLATURE 
The following nomenclature is used in this paper: 


D,, D, = pipe or tube diameter, ft (except as noted in tables) 
D, = volumetric hydraulic diameter = 


4 X Net free volume 
Friction surface 
f'/2 = half friction factor corrected by viscosity ratio 


(u/u,)%'4, dimensionless 


f’/2 = half friction factor corrected by viscosity ratio 
and (D,/S7)°-4, dimensionless 
f/2 = half friction factor corrected by viscosity ratio 
(D,/S7)%4, and (S;/S7)°-*, dimensionless 
g = acceleration of gravity = 4.18 X 108 ft/hr per hr 
G = fluid mass velocity (based on minimum net free 


area), psf per hr 
L = fluid flow length, ft 
n = denotes exponent 
AP = pressure drop due to “friction,” psf 
= longitudinal pitch = center-to-center distance from 
tube in one row to nearest tube in next transverse 
row 
S; = transverse pitch = center-to-center distance from 
tube to tube in one transverse row 


1 Director of Development, Alco Products Division, American 
Locomotive Company. Mem. A.S.M.E. 

? Heat Transfer Engineer, Research and Development, Alco Prod- 
ucts Division, American Locomotive Company. Jun. A.S.M.E. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944, of THe 
AMERICAN Socrety OF MECHANICAL ENGINEERS. 

Notre: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 
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= in-line tube arrangement (used in tables) 
S = staggered tube arrangement (used in tables) 
= denotes function 
= absolute viscosity at average main stream tempera- 
ture, lb per ft per hr 
u, = absolute viscosity at surface wall temperature, lb 
per ft per hr 
p = fluid density, pef 


= @ 


(D,/S7)", (S,_/S7)" = configuration correction factors, dimen- 
sionless 

(u/u,,)°!4 = viscosity-ratio correction factor (Sieder and Tate), 
dimensionless 


INTRODUCTION 


Up to the present time, correlations of friction factors for pure 
crossflow over bare tubes have been based on the use of a 
hydraulic diameter (D, or D,), representing the pipe or tube out- 
side diameter in the conventional Reynolds number, i.e., Col- 
burn (1),3 Short (2), Bowman (3), Huge (4), Grimison (5), and 
others; or some form of equivalent diameter based on per- 
imeter for other types of surfaces, e.g., Norris and Spofford (6). 

Sieder and Scott (7) suggested an equivalent hydraulic diameter 
(D,), but did not make a usable general correlation. Davis and 
Gunter (8), in an unpublished paper presented to the N.A.C.A., 
gave correlations for both heat transfer and pressure drop in 
crossflow over bare-tube banks. These correlations used D, in 
the Reynolds number and in the conventional ordinate, plus 
correction factors for tube arrangement of the form (D,/S,7)” and 
(S,/Sr)". 

As far as is known, no one has satisfactorily obtained correla- 
tion of bare tubes and conventional extended surface in pure cross- 
flow on one line. Many investigators have taken a limited range 
and obtained curves describing the results therefrom. It was 
felt that one curve covering a wide range would be of benefit to 
all. 

The present paper, following the lead of Davis and Gunter (8), 
proposes a general correlation covering both bare and extended 
surfaces using the correction factors mentioned. This presumes 
that fins are relatively smooth, and rows of tubes are three or 
more in depth in conventional arrangements. In addition, cross- 
flow friction on one arrangement of internal fins is shown to 
correlate in good agreement on the proposed curve. 

It should be pointed out that the following discussions do not 
take into account baffle effects, and for practical use, these factors 
should be allowed for, where applicable. 


GENERAL D1scussION 


In the Davis and Gunter paper (8), it was pointed out that most 
investigators have found that the classic form of the general 
Fanning equation for flow inside tubes could be adapted to cross- 
flow outside of bare tubes, using tube outside diameter as hy- 
draulic diameter (D,). Others used perimeter-type hydraulic 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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diameter for special surfaces. However, these efforts resulted in 
having a number of friction-factor curves to cover the various 
tube sizes and arrangements, Fig. 1. The reference paper further 
demonstrated that a single curve correlation could be made if 
certain configuration correction factors for the tube bank be 
included. 

It was found necessary to employ three characteristic dimen- 
sions in order to determine completely a particular configuration. 
This meant therefore the introduction of two dimensionless 
ratios into any correlation involving the form of the general 
Fanning equation, in order to produce a complete correlation. 

It was debated whether a bank might be completely determined 
by three dimensions in a conventional shell-and-tube exchanger 
because of the presence of the shell. This, however, was deemed 
not true because essentially the shell only ends the bank and 
should be considered only a quantity determining the mass 
velocity at any point across the bank. 

The problem then was to select three characteristic dimensions 
which would give a consistent correlation of all data. The tube 
diameter and the pitch both transversely and longitudinally 
were one possibility for the three configuration dimensions. 
However, the original work showed that a much more satisfactory 
correlation could be obtained if the volumetric hydraulic diame- 
ter and the longitudinal and transverse pitches be used. The 
next step was to decide which of these three characteristic dimen- 
sions should be employed in the Reynolds number, and which 
other two should appear solely in the configuration ratios. 

Inasmuch as most authors have found it satisfactory to use 
diameter in the Reynolds number for any particular tube ar- 
rangement, it seemed desirable to use volumetric hydraulic diame- 
ter in the Reynolds number and to allow the transverse pitch 
and longitudinal pitch to appear only in the correction ratios. 
This was later found to be justified by the excellent correlations 
which were obtained on this basis. 

It has been customary for most authors to measure longitudinal 
pitch as the perpendicular distance from one row of tubes to the 
next row in the direction of longitudinal flow. However, in 
order to obtain a correlation which would present data for both 
staggered and unstaggered tube arrangements on the same line, 
it was necessary to define the longitudinal pitch as the center-to- 
center distance from a tube in one row to the nearest tube in the 
next. row transverse to flow. - 

For equilateral arrangements both in-line and staggered, there 
is no difference in the configuration definitions and the (S,/S7)" 
correction factor becomes unity, disappearing from the equation. 
However, for nonequilateral arrangements, there is a varying 
degree of difference, depending on whether the layout is rec- 
tangular or isosceles. This is illustrated in Fig. 6. 

Much uncertainty has existed in the past concerning whether 
the f/2 values vary as a fixed or variable power of the Reynolds 
number. The present correlation proposed in this paper does 
not exhibit this variation to any marked degree and the authors 
have used straight lines as tangents to a short curve in the transi- 
tion region. The reason for this is the new Reynolds number 
against which the data were correlated, and the configuration 
ratios that were introduced, 

Various mean temperatures have been employed by authors in 
evaluating the properties of the fluid flowing over the banks, 
The possibilities include the use of a film temperature, an average 
of the wall and main-stream temperature, the average main- 
stream temperature, or some intermediate combination of these. 
There are many arguments in favor of the various possibilities. 
However, the best proof of validity is the experimental data 
agreement in the final correlation. For this purpose, in this 
paper the average main-stream temperature has been used, and a 
correction for the tube-wall temperature is obtained by using the 
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well-known Sieder and Tate (9) viscosity correction, u/u,. This 
method appears to give the best correlation and has been well 
substantiated by checking data on heavy fuel oils and various 
other petroleum products both for heating and cooling. 

The ranges of variables covered in this paper are as follows: 


Reynolds number . 0.01 to 300,000 

Longitudinal pitch, .1.25 to & 
CORRELATION 


The proposed equation for pressure drop in crossflow over both 
bare and extended-surface tubes is 


APgDyp (2) R) 
2 GL My Sr Sr 


For the viscous range, the function of the Reynolds number is 
f/2 = 90 (R)~' and in the turbulent region, f/2 = 0,96 (R)-***. 

The transition point from laminar to turbulent flow occurs at a 
Reynolds number of about 200, although there is a slight curva- 
ture with the main straight lines being tangent thereto. 

From inspection of the five major curves, Figs. 1.to 5, inclusive, 
the relative significance of the new correlation will be immediately 
evident. Fig. 1 shows an attempted correlation using D, instead 
of D, without the correction factors that are proposed in this 
paper. This figure shows definitely that such a single-line corre- 
lation is impossible. 

Fig. 2 shows an attempted correlation using D, in the Reynolds 
number and ordinate without the two configuration-ratio correc- 
tion factors. It will be noted again that this correlation is not 
satisfactory, although better than Fig. 1. However, it shows the 
merit of using D,. 

Fig. 3 uses D, in the Reynolds number and in the ordinate, plus 
one correction factor, namely, (D,/S7)". This is again better 
than the first two, but still does not take care of wide pitches, 
especially in the isosceles or rectangular arrangements. 

Fig. 4 uses D, in the Reynolds number and both of the correc- 
tion ratios in the ordinate. It will be noted that all of the various 
tube arrangements now fall on a satisfactory single plot. 

Fig. 5 shows extended-surface data correlated on the proposed 
curve which show surprising agreement. 

Friction-factor data are shown in Tables 1 and 2. 


Bare TuBEs 


The extensive data of Sieder and Scott (7) available for pres- 
sure drop have been used to establish the viscous and part of the 
turbulent regions. The power of the u/u, ratio is 0.14 in both 
the viscous and turbulent regions, unlike flow inside tubes. This 
correction is included in all plots, Figs. 1 to 5, inclusive. 

Norris’ (6) data on small wires correlate well on the proposed 
line. This is encouraging, as it establishes the validity of the 
equation down to a very low value of tube diameter. Huge’s (4) 
data for pressure drop also correlate satisfactorily. 

Inasmuch as within the possible range of variation in this case, 
the average temperature is not of too great importance in pres- 
sure-drop calculations, especially on air, it was possible to use the 
data of Pierson (10) on 38 different arrangements covering 
transverse- and longitudinal-pitch arrangements from 1.25 to 3 
diam, transverse and longitudinal, both staggered and unstag- 
gered. These 38 arrangements provide an excellent basis for the 
foregoing correlation. 

R. P. Wallis (11) has published extensive friction data on two 
arrangements. The data have apparently been obtained with a 
very high degree of accuracy. They substantiate the proposed 
equation quite exactly. 
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O--- . - SQUARE X-FINS 
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TABLE 1 CROSSFLOW FRICTION-FACTOR DATA; BARE TUBES 
Ar- 
range- Source and De Basis De ) Dy SL ST (Py) (2k) Basis Dy ) 
No, _ment Material ( Re f'/2) in. in. T f'/2 ) 
1 I Norris 202 90.3 .0258 .0193 .0625 .0625 1.68 1.0 1,040. .499 .297 Same 
2 or 124. 0252 or or or - ~ 1,385. .488 .29 as 
3 AIR 20246 .0384 .125 2125 - - 1,600. .477 .284 f£"/2 
4 or 184. eO244 or or or - - 2,040. .472 281 
5 «125 230. 0235 - 2,550. 455 .271 
6 339. 2022, - - 3,930. 434 .258 
7 567. .0217 - 6,280. .42 
8 870. -0206 = 10,000. ..398 _.237 
9 I Wallis 37,200. 0915 =.167 1.3 0755 1.48 1.38 149,000. .366 .247 .179 
10 35,900. 2092 - - 148,000. .368 .248 .18 
AIR 35, 350. -0925 - - - 141,000. .37 225 -181 
12 34, 330. -0927 - - - - 137,000. .371 .251 .182 
13 32,950. -0935 - - - - - 132,000. .374 .253 .183 
15 30,100. 20945 - - - - - 121,000. .378 .256 .186 
16 28,500. 2095 - - - - 114,000. .38 .186 
17 27,050. 20955 ~ - - - - 108,000. .382 .258 .187 
18 25,530. 20962 - - - 102,000. .385 .26 
19 23,830. +0972 - - - 95,500. .389 .263 .191 
20 20,650. - ~ ~ 82,500. .398 .269 .195 
21 17,740. - - - 71,000. .412 .278 .202 
22 15,250. 106 ~ - 61,000. .423 .286 207 
23 12,70. -1075 - - - - - 51,000. .43 229 
24 10,140. 21065 = - = 0,600. . 288, 
25 Wallis 5 34,,600. -079 «755 1.095 1.0 65,000. .217 .198 Same 
26 34,200. 115 - ~ - 64,800. .218 .199 as 
27 AIR 32,700. - - - - ~ 62,000. .202 f£"/2 
28 31,700. - ~ - 60,200. .221 .202 
29 29,100. - - - - 55,200. .226 .206 
22,470. 2129 = = = = 42,600. 2223 
31 17,000. 134 = 32; 300. 2254 
32 11,890. 143 = = 22,600. 271 248 
33 9,520. - ~ 18,100. .282 .258 
34, 9,395. - ~ - 17,800. .262 .24 
35 7,920. 154 = > 14,800. 2292 267 
36 6, 365. .168 - - ~ - - 12,100. .318 .291 
37 5,630. 179 10,700. 34 31 
38 4,990. -186 = = = -9,460. .352 322 
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TABLE 1 (Continued) CROSSFLOW FRICTION-FACTOR DATA; BARE TUBES 


Are ( Basis Dt ) ( Basis Dy ) 
range- Source & ( 4 PLy.6 7 
39 Sieder 98.2 232 .046¢ ,938" .938" (87 2,0 71.4 -965 1.195 Same 
40 and 76.3 1.59 - ~ - - - 56. 1.16 1.44 as 
42 45.6 - - - 33.3 1.98 2.45 2 
43 FUEL OIL 28, 4.85 - - 20.6 3.54 4.38 
44 16.7° API 25.5 9.81 - - - 7.15 8.85 
45 Isothermal 159. 845 - - - 116, 765 
46 124. 1,04 - - - - - 90.6 .758 94 
47 98.4 ~ - - 1.19 
48 77.8 - - 56.7 1,24 1.54 
49 48.4 2.79 - 1.95 2.42 
50 25.6 5.95 - - - - 7 18.7 4.31 5.39 
51 25.4 S.37 ~ ~ - - - 18,5 3.89 4.83 
52 20.7 ~ - - 35.1 5.06 6,28 
53 17.4 2,08 - - 12.7 5.85 7.25 
54 13.6 10.1 - - 9.9 7.4 9.2 
55 8.48 14.7 - 6,18 10.65 13,2 
56 47.7 2.43 - - - - - 34.8 1.76 2,18 
57 86,2 1.45 - 62.8 1,06 1,32 
58 155. .712 - - - - - 113, 
59 203, | - 148. 518 
425, 45 = = 310 
61 333. ~ - - 243 .36 445 
62 233. - - 170 417 2515 
63 452. - - 330 395 
64 289. 55 - - - - - 211 402 496 
65 338. 521 - - - - - 246 381 47 
67 428, 466 - - - - - 312 234 42 
68 484. 455 - - - - 353 
69 864. 354 - - - - - 630. 258 =, 319 
70 706. 39 - .284 0352 
71 624. = > = 455. 
72 540. 439 bad 394. 395 
73 455. 0425 - - - 332. 
Ye { Basis Dt) Rasis 2, 
7h, Sieder 389 .938" ,938" 735. 0284 35 Same 
76 1,145. 2384 - 635, 344 
KEROSENE 1,015. - - - - - 70, 304 
78 31, 05°API 852. 622, 344 #2 
79 Isothermal 669. 455 - - - 483, 41 
80 2,490. .356 - - 1,815. 321 
82 1,370. 411 - - - 1,000. 301 
83 1,695. 384 - - - - - 
2,040, - . 1,490 1256 316 
85 2,490, .33 - - - - - 1,215, P41 298 
2,880. - - - - 2,100. 306 
&7 4,090. - - - 2,980. 27, 
89 2,660. 33 - - - - - 1,940. 2241 298 
90 2,150. - - - 1,570. 2264 
91 Sieder 275" £1,400. .938" 938" (81 1.0 30,200 .193 .238 Same 
94 WATER 14,400. - - - - - 10,500 .192 
95 Isothermal 27,200. .292 - - - - - 20,300 22 262 «2 
96 11,100. 282 - - 8,100. eae 
6,190.  .332 - - - - - 4,510. 2240 297 
CUS Sieder 188, .046' .938" 81 1.0 137. -631 Same 
99 and Seott 75.5 1,32 - - - - - 55. -963 1.19 as 
100 43.9 2,33 - - - - - 32 1.7 2.1 
101 FUEL OIL 170, .98 - - - RA. =f" 
12 10,5° API %. 1,13 - - 7? <« 
103 Cooling 135. 98 - 98.2 
104 80, 1.34 - 58.3 .98 1,21 
106 78.2 1,72 - - - - - 57. 1.255 1,55 
107 49, 2.56 * - - - - 357 1,865 2.3 
108 35.1 3.47 - 25.6. 2.9 3.R 
109 6. 2 19.9 - = 4. 76 55 18, 
110 62.9 2.04 - - - 45,9 1.485 1,83 
111 11.05 - - - 8.86 8,07 
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TABLE 1 (Continued) CROSSFLOW FRICTION-FACTOR DATA; BARE TUBES 

Arrange- Source & ( Basis De ) (ey* (by* ( Basis Dy 
112 s Sieder 35.9 3.24 .046' ,938" .938" 1,0 26,2 2.36 2.92 Sam 
3 and 28,8 4.35 - - - - ° 21, 3.17 3.92 as 
Seott 13.7 10.3 - - 10. 7.52 9.29 
115 45. 4.390 - - - - 32,8 3.2 3.95 
16 FUEL OIL 25.6 5.24 - - - - - 18.7 3.82 4.71 
117 10.5° API 20. 7.39 - - 14.6 5.39 6.65 
18 Cooling 9.35 15.8 - - - - - 6.8 11.55 4.2 
119 5.64 26.4 - - - - - 4.12 19,3 23.8 
220 4.25 31.3 - - - - - 3.1 22.8 28,2 
1 46.6 3.15 - - - - - 34. 2.3 2.8% 
2 26, 4.52 - - - - - 19. 3.3 4.08 
3 10.9 11.6 - - - - - 7.95 8.45 10.4 
124 4.8 26.7 - - - - - 3.5 19.5 24.1 
125 4.99 29, - - - - - 3.64 21,2 26,2 
126 37.6 4.09 - 27.5 2.98 3.64 
ey 20.7 6.33 - - - - - 15.1 4.62 5.7 
128 9. 4.7 - - - - - 6.57 10.75 13.3 
29 4.27 30.7 - - - - - 3.12 22.4 27.7 
130 13.1 10.55 - - - 9.55 7.7 9.52 
131 7.55 25.9 - - - - - 5.5 18.9 23.4 
132 3.7 44.5 - - - - - 2.7 32.5 40,1 
133 3.06 52.4 : - - - - 2.23 38,2 47.1 
1344S Sieder 275" 2,360, .938" .938" 1.0 1,730. 237 292 Sem 
135 and 1,690. 1,230. 306 .378 as 
136 Scott 1,340. - - - - 977. 
138 KEROSENE 4,090, - - - - - 2,980. 308 
139 31.05° API 826, 475 é 646. 346 426 
640. 433 - - - - 468. .316 389 
us Sieder 26, 1.18" 1.18" 1.05 1.0 Sam 
145 and 18,3 1.41 - - - - - 32.6 2.51 2.39 as 
146 Scott 29.6 995 - - - - 52.7 1.77 1.685 
147 68. 56 - - 221, 
148 FUEL OIL 48.9 606 - « 86.8 1,08 1.03 
49 12,8° API 23.7 1.19 42.2 2.12 
150 Heating 13.6 1.87 - - - - - 24.2 3.32 3.16 
lol Sieder 75" 105. 1.47 .938" .932" 1,9 76.7 1.075 1,325 Sare 
152 and 157.5 809 115, as 
153 Seott 120, - - 27.7 865 f"/2 
155 FUFL OIL 36.3 1.99 26.9 1.455 1.79 
156 16. 7° API 2.4 2.16 é 23.7 1.58 1.95 
157 Heating 192.5 - - 145. 
158 2453. All - - - - 192. 
162 203 - - 151.5 42 | 
164 Vik 371 543, 271.334 
165 Sieder .75" 1,200. 046" 938" .938" .82 1,9 1,315. 2205, 253 Same 
166 and 1,320. - - 965. 0.2% as 
167 Scott . 147 372 - - - 545. .272 2338 
168 321 - - 234. .527 65 
170 25. 4° API 1,335. 97%. 0.27 
171 Cooling 1,190. 336 870, 245, 308 
173 620 - - - 453. 
1% 915. 386 667. .282 0,347 
177 524. - - 382, 30% 378 
178 240. 945 = 175. 69 849 
179 880. 393 > 542. 354 
180 748. 455 - - - 545. 
182 187, 1.114 - - - - - 136.5 .833 1.@ 
183 626, 438 - - 457. 32 
184 441. 454 = = = 322 331 . 408 
186 125.5 > = 91.6 at 
187 472. - - - - 345. 373 
190 940. - - 685, 442 
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TABLE 1 (Continued) CROSSFLOW FRICTION-FACTOR DATA; BARE TUBES 
Sowres & Dt Basis Dy Dy SL ST +4 6 (basis Dy ) 
No. ment Material in. { ie f'/2 in. in. ST oT ( rle f'/2 f/2 
191 Sieder & .75" 238. “75 .938 50 174. .672 same 
192 Scott 155. 1.25 - - - - - 13, 014 112 as 
193 (Same) 63.9 2.9). - - ~ 46.6 1.615 2.0 £"/2 
194 Sieder & .75 107. 1.02 2046 -938 78, Same 
195 Scott S74. 1.15 - - - - 63.7 1.04 as 
196 69.5 1.12 - - 50.7 82 1.01 
197 FUEL OIL 2.07 = - - 30.2 1.51 1.86 
198 84. 1.24 - - 61.3 902 1.11 
199 Heating 1.38 - - - $9.3 1.2% 
200 58.2. 1.67 - - - 1,22 1.5 
201 46.9 2.02 - - - ~ - S62 Ash? 1.82 
202 2 - - - - 22.7 2.0 2.5 
203 53.9 1.795 - - 59.3 1.63 
204 42.4 2.26 - - - 30.9 1.65 2.06 
205 32.6 2.85 - - - - - 23.8 2.08 2.58 
206 23.4 3.66 - - - - 19.1. 2x67 3.33 
207 152. .818 - - - .597 
208 125. B86 - - - 91.5 647 .816 
210 Huge 2.0 15,000. 4.0 3.5 1.08 51, 800 2hh 
211 22,000. .07 - - 76,000 244 85. 
212 AIR 40,000. .066 - 138,000, «22 .161 
213 Heating 50,000. .061 - - - - - 172,500. 212 16 
214 65,000. -058 - - 224,000. 202 
215 2.0 60,000. .0367 6.33 4.0 1.61 1.32 400,000. 0115 
216 35,000. -0467 - - - - - 232,000. «2146 
217 20,000. .0547 - - - - - 133,000. 305 «171 
218 10,000. - - - ~ 66,500. -248 _.188 
219 5 " 5 1,500. 20587 1.58 1.316 9,950. 6183 
220 2,750. .0587 - - - - 18, 300. 39 «183 
224 " 2.0 71,500. 2.78 2.5 996 1.068 70,800. 01465 .137 
225 10,200. .256 = 10,100. 255.239 
227 I " 5 6,120. 26256996 1.0 6,000. 199.199 
228 20,400. - = “ 20,200. 
Arrange- Source & ( Basis Dy ») Sp Py) (SL) .6 Basis Dy 4 
No. _ment_ Material in. in, St (ke f'/2 r"/2 f/2_) 
229 I Pierson .31" 5,000. .0334 268 -93 -93 1.645 1.0 52,000. .348 .212 «222 
230 7,000. .0334 - - - - - 72,800. .348 .212 «212 
231 AIR 9,000. .0334 - - - - - 93,600. .348 .212 212 
232 Heating 20,000. .03 = - 208,000. .312  .19 19 
233 " " 5,200. .038 171 1.38 0.79 34,400. 
234 10,000. .04 - - - - - 66,000. .264 .191 1242 
235 30,000. _.035 = 198,000. _.232 _—«.168 
236 7 6,000. .0266 .93 1.19 0.66 28,200. .125  .105 
237 30,000. .0332 - - - 141,000. .157  .132 
239 " " " 6,000. .0288 .096 388 £93 1.09 0.592 22,600. .108 .1l 167 
240 15,000. .0336 - 56,500. .127 .1165 .197 
241 30,000. .032 ~ 329.000, 1875_ 
5,000. . 93 1.61 33,000. .396 .246 0194 
243 10,000. .06 - - - - - 66,000. .396 .2k6 0194 
30,000. .0467 ~ ~ - 198,000.  .308 _.191 21505 
245 " 5,000. .053 262 1.0 20,500. .218 .164 
246 10,000. .062 - - - - - 41,000. .255 .192 192 
247 30,000. - - - - - 123,000. __.222 _.167 2167. 
248 " " 7,000. .0479 -465 .62 1.144 0.84 19,600. .134 .1175 
249 33,000. = - - 92,500. _.123 _.108 2129 
20 15,000. .0528 .056 .388 .62 1.03 0.752 32,700. .115  .112 
251 40,000. _.056 - - - - - 87,500.  .122 1185 
253 
254 
255 " " " 
256 
257 
258 " " 
259 
260 
262 
263 " " " 
264 
2 n 
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TABLE 1 (Continued) CROSSFLOW FRICTION-FACTOR DATA; BARE TUBES 
Ar- 
range- Source & (Basis Dy ) SL ST Basis Dy 

No. Material in. (Re f'/2) _ft. in. in. Sp (___Re f'/2 _f/2) 
267 I Pierson 31 4,000. .214 .036 .465 .388 1.04 £1.12 5,520, .296 .285 .254 
268 AIR 10,000. .214 - - - - - 13,800. .296 .285 .254 
269 Heating 30,000. .201 - - 41,400. .276  .266 298 
270 I " 4,000. .258 .026 .388 =. 388 3,940. .252 .278 .278 
271 10,000. .25 - - 9,850. .2b4 .268 .268 
272 30,000. .226 - - - 29,600. .221 .243 .243. 
273 " " 3,000. .154 097 11,300. .58 «374 
275 26,000. - - - - - 98,000. .425 .274 
276 " " " 25,000. 16 1.36 52,300. .347 .278 .204 
277 F000... «085 ~ 6,500. .467 374 278 
278 " " 3,000. 28 2036 505 1.04 Lei? 4,180. 039 232 
25,000. - - - 34,900. .288  .277 .2% 
280 " " " 3,000. .336 .026 .434 1.07 3,000. 034 BUD 
281 25,000. .24 - 25,200. 6266 248 
282 " " 6,000. .09 0.96 0465 1.58 1.54 28,600. .43 
283 20,000. 08 = = 95,500. 242 157 
284 " 6,000. .13 -073. = 1628S 1235 17,000. .368 .288 .234 
285 32,000. _.092 - = 90,500. .26 164 
286 " " 3,000. 173 1049 6522S 07 5,700. .329 .282 
287 30,000. .112 - - - 57,000. 213.195 182 
288 " " 35,000. .117 .030  .451  .97 48,800. .163  .168 
289 6,000. .176 - - - - 8,360. .246 .254  .258 
250° " 3,500. .08 1.61 1.315 23,200. .53 
291 35,000. .0468 - - - - - 232,000. .31 
" " 3,500. .105 .693 .62 1.33 1.07 14,300. 355 
293 35,000. _.067 - - - - - 143,000. .274  .206 _—193 
29k " " " 40,000. .0798 2073 0557 1.15 9k 113,000. 2226 21 
295 14,000. .113 - - - - 39,600. +278 
296 7 6,000. 1.03 -874 13,000. .314 .305 .35 
297 40,000. .091 - - - 86,800. .198  .192 22 
298 " 4,000. .052 -268 693 1.65 1.07 41,400. .541 .328 
299 22,000. .0387 - - - - 229,000. .402 .2h4  .228 


TABLE 2 CROSSFLOW FRICTION DATA; EXTENDED SURFACE 
Ar- Source Basis ( Basis DL ) 
range= and Dy 6 ( rt ey ) 
‘ No. ment Materiel (fe 2 ) D Sp (Re 2 2 
300 Authors! - - -0265" .1094* .1094° 566 1.0 2.62 24.2 42.7 Sans 
301 Tests - - - - 29.1 51.4 as 
302 Meshed NOTE: - - - - 2622 48.0 
303. Kound OIL - - - - - 1.79 35.6 62.8 2 
304 X-fins Cooling These Tests - - - - - 1.32 61.1 108.0 
306 Not Evaluated - - - - - 2.84 17.9 31.6 
306 on - = = 2.54 19.2 33.9 
307 Dy Basis - - ~ - - 2624 28.8 50.9 
308 e 2.20 28.0 49.5 
309 - = e 2044 26.9 47.5 
313 - - - - - 1.38 69.0 104.0 
314 ~ - - 2.06 19.0 33.6 
316 - - - - - 1.83 19.6 34.6 
316 = - - - - 1.20 35.6 62.8 
317 = - - - - 1.146 35.S 63.4 
318 = 1.206 47.5 83.8 
319 Authors’ 20265’ .1094* .1094! 2506 1.0 2548 79.3 140.0 Same 
320 Tests - - - - - 495 90.0 159.0 as 
321 Meshed - ~ «63.6 
322 =Round OIL - - - -440 104.5 184.6 
323 X-fine Isotherm] - - - 120.0 212.0 
324 = 2262 2355.0 41€.0 
325 - - 178.5 351s. 
326 = = 187 366. 645. 
327 - - - el69 8376. 660. 
328 - - - - - 3233 17. 30. 
329 = = 2.46 24.7 43.6 
331 - - - 224 172. 304, 
332 - - - - e23 125. 221. 
333 @ @ 186. 3276 
334 @ = @ 0222 144. 254. 
336 = e221 193. 341. 
336 bead - 2180 214. 378. 
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Ar- Sour ce ( Basis Ds ) ( Basis Dy ) 

No, ment Material ly (Re 2 ) by T (ie 2 2 
337 s Authors’ .0266' .1094* .1094' 2566 1.0 2139 330. 683. Same 
338 Tests - - 349. 616. as 
339 Meshed NOTE: 2226 17.6 30.9 
340 Round OIL - - 2.81 15.75 27.8 
341 X-fins Isothermal These Tests o - - — - 2.91 17.85 31.5 
342 Not Evaluated on - - 1745 50.9 
343 Dy Basis. - = - = 3.28 16.25 28.7 
344 - - 3.21 16.85 29.8 
345 - = 3.6 16.9 2 9 
346 - - 3.88 14.15 25. 
347 - - 3.94 13.7 24.2 
348 - - 1,01 45.5 80.2 
349 = o - - - 1.26 32.4 57.3 
351 - - - 1.66 25.3 44.7 
362 - - 2.12 23.6 41.7 
353 - 5.0 18.36 3204 
354 Authors! 71094" 710904 2566 1.0 1,025. 575 Same 
355 Tests - ~ 923. 2208 -367 as 
356 Meshed - - - - 636. +264 465 =F" 
357 Round WATER - - - - - 848. e211 372 
368 X-fins Isothermal - - - 1,066. 2197 548 
359 - - 1,010. 2178 
360 - - - - 7 704. 2296 2621 
362 - - - - 1,060. 2196 3456 
365 - - 648. 4 +707 
367 = = 733. 2537 
368 e e @ 800. 321 65 
369 Wire Authors e 1.0 1é,000. ° 
370 Mesh Tests - Assumed 15,150. 232 +237) =as 
371 In- - - - - 16,150. 245 
372 ternal WATER - - - - 16,900. 526 02415 
373 Fins Isothermal - - 18, 700. 2296 2219 
374 e e 13,960. 22238 

are Sour ce (_Basis Dy ) Basis Dy 

range- and 8 € ( hd f 
No, ment Material (_Re ary & (xe): (_Re 2 
376 Wire Authors NOTE: 20220" .0104' .0104* 1.36 1.0 14,650. 2322 -238 Same 
376 Mesh Tests - - - 10,100, 2574 0277 ae 
377 Internel These Tests ~ - 11,300. 236 0266 
378 Fins WATER Not Evaluated - - - - 12,320. 2356 264 
379 Isothermal On Dt Basis 1,135. 2456 2338 
380 - = - 1,760. 413 2306 
381 - 2,900. 389 288 
382 - - - 3, 740. 2270 
384 - - - - 4,800. +362 2268 
385 aad 6,300. 05738 206 
386 - - e - 6,810. 2361 202676 
387 = = 6,400, +368 2267 
388 = @ 6,780. 23635 269 
389 - - - - - 6,310. 2394 2292 
390 = @ 7,230. +396 2294 
391 - 6,160. 2544 2255 
392 - - 8,780. 2379 2281 
394 Wire Authors? 20220" .0104* .010¢* 1.36 1.0 488, 0716 Same 
396 Mesh Teste - - - 471. e576 as 
396 Internal ~ - = 427. 691 
397 Fins OIL - - - - 388. 2812 602 2 
398 Cooling ~ 366. 282 608 
399 - - 332. 2852 631 
400 = « - - 309. 91 2676 
401 - - - 280. 2912 e676 
402 bead 260. 0967 2716 
403 - e - 221. 1.03 762 
- bead - 190, 1.09 2608 
405 - - = 177. 1.165 2866 
406 ba - - - hed 168.5 1.26 2934 
407 - 137.5 1.285 2952 
408 - - - 129. 1.353 1.002 
409 - - 149, 1.403 1.04 
410 e e 123. 1.53 1.136 
411 @ - - - bend 101. 1.765 1.3 
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Source ( Basis ) D s ( Basis ) 
range~- and ( ) ( ( ( 
No, Mmterial D, (Re 2 ) Dy (_ ke z 2 
412 hkadietor Manufac- NOTE: 20137! - 052° 2586 1.0 1,280. 0896 Same 
413 Core-(A) turers! - - - Assumed 1,830. .074 as 
414 Type Data These tests not - - - since 2,670.  .0619 1055 
surfece AIR evaluated on - - 2618 indeter- 1,460. .10 2162 z 
416 (B) Dp Basis. - - - - minate 2,080. .0822 013% 
417 - - - 2,750. .O7€7 124 
Square Wenufec- LOBE 343 1.0 1,360. 1056 7245 Same 
419 X-fins turers’ - 2,260. 2226 as 
420 Dete - - 3,180. .0912 2212 
421 AIk - - - 4,530. .0866  .199 
422 kediator Manufec- 20364° 705 1.0 1,120. 210 Same 
423 Core-(I) turers' - - - - Assumed 1,570. .0896 2127 as 
424 Type Dete - - since 1,620. 20662 2125 
Surface AIk 70364"  .705 indeter- T,120. 
426 (11) - - minate 1,570. 20955 1356 
427 - - 1,620. «0962 2136 
429 X-fins One - - Assumed 1,360. 2208 0382 as 
430 AIR - how - because 1,533. 
431 - Leep - only one 1,840. .189 -547 z 
432 - - row deep 2,150. 2186 23415 
433 kadietor NeheleAe -0207' 66 3,390. 0144 261) 38 
435 Type AIR 10,200. .140 +244 036% 
436 Surface - - 3,080. 214453 265 386 
437 - - - - 6,160. «140 244 2369 
4358 - - 9,270. 2234 
439 - - 12,300. .139 2242 2566 
440 Finned «591! 130 1.0 1,280. 20469 2376 -eme 
441 Cylinders ~ Single - - Assumed 1,540. +0466 236 as 
442 AIR - Cylinder - be cause 1,796.  .0432 2333 
443 (a) - in - of 2,050, .0398 
444 - Shroud - - Shroud 2,660.  ,0366 
446 (B) - 2,760. 2240 
447 - - - 3,870. 20584 218 
448 - - - 4,430. 20364 2201 
449 4, 980. 20342 2194 
Ar- Sour ce ( Basie ) ( Basis Dy ) 
No. ment Material Dy (ke ) Dy _& Sp (_ Re 2 2 2 ) 
450 Finned NOPE: 20124" Single .591* 1.0 2,190.  .0578 2271 Same 
451 Cylinders Cylinder - - Assumed 3,500. .049 2230 as 
452 These tests not in because 6,250. .0418 2196 
463 (Cc) AIR evaluated on Shroud of 7,900. 20584 2 
464 Dt Basiae Shroud 8, 760. 20352 2166 
456 - 4,500. 20593 2250 
457 - = - 6,910. 20603 e212 
458 - - 9,220. 20462 2195 
459 - - 11,500. .0425 21795 
asf 20207 2591" 260 3,660. 321 
461 - - 5,850.  .0707 0272 
462 - 8,770.  .0603 0232 
463 - 11,700. 20561 2212 
464 - e l4, 600. 
Radiator Bureau of 2033" =Flat 20208 '1,22 1.0 2,700. .0988 
466 Core-Type Standards - Plate - Assumed 5,400. 20738 20605 
467 Surface - Tubes - - since 10,800. .0718 20588 
468 AIR - - inde- 13,500. 20697 20571 
469 20643" Flat 00312'1.248 terminate 8 20514 20412 
470 Plate 17,300. .0477 20382 
471 Tubes 26,600. .0467 0374 
472 - be 7 31,100. 20464 20372 
7076" Fiat 12,450. .0¢55 20358 
474 - Plate - - 24, 800. 20446 20351 
475 bad Tubes = 31,000. 20446 20361 
476 bens bed 43,500. 20446 20351 
4 ele?! Fiat 70625 ' 10,400. .0457 20344 
478 Plate 20,800. 20418 20314 
479 Tubes 31, 200. 17 20313 
480 - - - 41,500. 20402 20302 
1 208347 6654 66 2,170. .498 1.19 
482 = 4,540. 2498 2785 1.19 
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Friction data of Carrier, Allen, Soule, Dehn, Reiher, and 
Reitschel for a great variety of tube arrangements have also been 
used to establish the equation, but are not shown. 

There are certain discrepancies and deviations from the pro- 
posed main line in the data of Pierson. However, the magnitude 
of these deviations is in general not more than 10 or 15 per cent. 
Another point of importance is that no other authors have found 
friction factors which increase with Reynolds number, which is 
reported over limited ranges by both Pierson and Huge.  Lind- 
mark, in his discussion of this paper, pointed this out and stated 
that he found no such increase in experiments he conducted. A 
certain amount of these deviations may be accounted for by the 
fact that entrance and exit losses are contained in the over-all 
pressure drop reported by these authors. 

Jakob (12) proposed two equations of rather complex form for 
the correlation of Pierson’s data. It appears that the present 
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equation is simpler to use, and probably more accurate as it is 
substantiated by data from many other sources. 


EXTENDED SURFACE 


Fig. 5 illustrates how extended surface, both external and in- 
ternal, will plot on this same proposed ¢orrelation, 

It will be noted that some forms of extended surface, namely, 
flat, plates and fins with turbulence promoters, do not correlate 
well on the suggested curve as would be expected. 

MeAdams (13), Colburn (14), Norris and Streid (15), and 
many others have pointed out that flat plates and turbulence 
promoters will produce different flow characteristics. Flat 
plates show low f/2 values, and turbulence promoters give high 
values. The published and authors’ data included in the paper 
bear out these conclusions. 

The authors’ data on meshed round-cross-fin tubes (eight !/4-in. 

fins per in.) with no turbulence 
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promoters, Figs. 6(4) and 7(a), 
show good agreement with the 
proposed correlation They 
cover both heavy lubricating- 


oil and water tests. 
N.A.C.A. tests on finned 


OIRECTION 
O The N 
airplane-engine cylinders (16), 


Fig. 6n, in an air stream show 
+20 per cent, which is well in 
RECTANGULAR PITCH ~ (S, > Sy). line. These results are en- 
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couraging, since fin heights are 
1.22 in. and spacing varies from 
0.057 to 0.166 in. 
Authors’ results on one sam- 
DiRecTiON” ple of internal-fin tubes, Fig. 
7b, show good correlation. 
This is especially interesting, 
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since the tests represent a com- 


TRIANGULAR PITCH ~ (S, > Sp) bination of cross- and internal- 


Direction.” "| 


ROUND CROSSFIN TUBES: 
SINGLE ROW (Assumed S, = S,) 
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tube flow. 
Tuve and McKeeman’s tests 
C4 on unmeshed cross-fin tubes 
4 Ly Wy (17), Fig. 6g, (for only one 
oe, 4 y row), show agreement within 15 


per cent, on the proposed curve. 

For comparative purposes, 
data from the Bureau of Stand- 
ards reports (18, 19), on vari- 
ous types of aircraft nose ra- 
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diators, are included. These 
& data show flat plates some 80 
per cent low, and round tubes 
~ and flat plates with turbulence 
promoters approximately 300 
per cent high for friction fac- 
tors on the suggested basis. 
In addition, manufacturers 
data on flat-tube core-type 
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radiators are included to show 
that where not too much tur- 
bulence-promoter effect is pres- 
ent, these too correlate on the 
curve within —60 per cent. 
Reference to Table 2 will show 
that for the factor (S,/S7)", as 
applied to some of the ex- 


SAMPLES £ tended-surface samples, as- 
FLAT PLATE RADIATOR CORES 


Fic.6 Various Types or CrossFLow SURFACES 


sumptions of unity were made 
in certain instances. 


By 
4 
Se 
nwa 
GY 
< 
Yi 
A 
© 
DIRECTION Ya Y 
=: 
¥ 


GUNTER, SHAW—GENERAL CORRELATION OF FRICTION FACTORS FOR SURFACES IN CROSSFLOW _ 655 


TUBES: OD 
HIGH FINS- INCH 


Lo 
DIRECTION 
Barrie 
| tue | TUBE 
==4 5 4 a 
ik 
5 5 | 
EL 
(SHOWING FIRST U-TUBE) @) (SHOWING TUBE ROWS 


BWS 
DIA. 
FLOW 
DIRECTION 


hig. 7 AvutrHors’ Test SAMPLES 


(a, External meshed round cross fins. 
b, Internal wire-mesh fins.) 


In the case of the wire-mesh internal fins, Fig. 7b (Tests No. 
369-411), an 8 X 8 screen wire mesh was used for the inserts. 
It was reasoned that the symmetrical spacing of the cross-wires at 
0.125 in. centers was the equivalent of equilateral pitch in a con- 
ventional tube bank; hence the use of (S;/S7)%* = 1. 

For the various samples of radiator core-type surface, using flat 
tubes with relatively smooth plate-type fins, the evaluation of the 
configuration ratio was deemed indeterminate. Since these sam- 
ples were included solely for comparative purposes, the factor was 
taken as unity. 

Tuve and McKeeman’s tests on round cross-fin tubes, un- 
meshed, were for only one row deep in the direction of flow. 
While no finite value of ‘8; is determinable for this arrangement, 
t was assumed that sufficient exit turbulence was present to give 
at least some of the effect of additional rows. Therefore, 
(S;,/S,)*8 was assumed as 1 for the plot. 

With: the shrouded-finned cylinders reported on by the N.A.- 
C.A., a variation of the foregoing is found. In this case, the single 
“tube” is surrounded by a close-fitting baffle just clearing the 
outer periphery of the fins, Fig. 6n. It was felt that this pro- 
duced the effect of an equilateral tube arrangement, and there- 
fore, the configuration factor would become unity. 


CONCLUSIONS 


1 The use of D, and the configuration factors proposed herein 
is recommended for a general correlation of pure crossflow fric- 
tion on a single curve. 

2 This same type of correlation can be applied to heat trans- 
fer, although demonstration of this is beyond the scope of the pres- 
ent paper. 


3 It has been shown that certain types of extended surface, 
approximating conventional tube arrangements, correlate well on 
the general plot. This statement is qualified by the assumption 
that fins are relatively smooth and tubes are disposed in three or 
more rows deep, transverse to flow. It is admitted that where 
flat-plate or turbulence-promoter effects become significant, the 
suggested correlation does not apply. 

4 It should be pointed out that additional data for the viscous 
range, on a greater variety of tube sizes and surface arrangements, 
are needed to establish more definitely this portion of the plot. 
This will be evident from an inspection of Figs. 1 to 5. 
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Appendix 


As mentioned previously, the present paper incorporates data 
from many diverse sources. The basic bare-tube plots are taken 
directly from the published data of various investigators, as set 
forth in the Bibliography. Some of the extended-surface plots 
are from published data; the rest from private manufacturers’ 
data made available for this work, and from actuai authors’ tests. 
The last specifically are the external meshed cross-fin plots and 
those for the internal wire-mesh fins. 

Meshed Cross Fins. The meshed-cross-fin-surface sample 
tested is detailed in Fig. 7a. Conventional spiral cross-fin tubes 
(1 in. OD with 1'/:-in-OD fins, 0.012 in. in thickness, 8 per in.), 
were arranged on 15/;-in. triangular pitch with fins intermeshed, 
as shown, in two nests of three rows each. The open tube ends 
were rolled into a tube sheet in the conventional manner, with the 
return bends disposed as shown. This assembly was enclosed in 
a rectangular box-type shell with suitable inlet and outlet nozzles 
at the narrow ends.for installation in the test setup piping. A 
slotted baffle plate was placed at the inlet end of the test section 
to insure proper distribution of the entering fluid over the full 
face of the tube bundle. 

Cooling and isothermal test runs, Table 2 (No. 300-368), for 
both lube oil and water were made to fill in as complete a range of 
the curve as possible. It will be noted that the oil tests fall 
along the viscous portion of the line, with those for water in the 
turbulent region. 

Internal Wire-Mesh Fins. The internal wire-mesh fin-tube 
sample tested is shown in Fig. 7b. This was a 1-in. OD, No. 16 
Bwg copper tube with tinned wire-mesh inserts (8 X 8 mesh, 
0.04-in-diam wire), disposed inside throughout its length. The 
test sample was then installed with suitable entrance and exit 
straightening tubes in the piping setup, and the water and oil 
tests run as listed in Table 2 (No. 369-411). 
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ADDENDA 


It is recognized that the admirable work of Chilton and 
Genereaux (20) was seemingly overlooked in the presentation of 
the present correlation. It must be explained that, while the 
data of all the investigators covered by these authors were 
utilized to establish the new recommended curve, preprint dead- 
line limitations prohibited a direct comparison with this earlier 
work. 
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Discussion 
D. F. Bovucuer‘ anp C. E. Lappis.4 The authors have 
undertaken the formulation of a generalized method for estimat- 
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ing pressure drop across tube banks, a field in which a large 
amount of conflicting data are available and in which correlation 
is sorely needed. The advantages claimed for the proposed 
method are that it attempts to combine the data for tubes of both 
plain and extended surfaces in « single empirical correlation, and 
that the same method of representation is applied to the stream- 
line- and turbulent-flow regimes, as well as to staggered and in-line 
tube arrangements. 

An empirical generalization of this type is a useful design tool 
and has much to recommend it. However, as is usually the case 
in such instances, a certain sacrifice in accuracy is entailed, For 
banks of plain tubes, the accuracy is fairly good in the range of 
spacings commonly used in practice but becomes progressively 
worse aS More extreme spacings are approached. Unfortunately, 
this is not made clear by the authors since their plots ascribe al- 
most one half of all the points plotted to an arrangement tested 
by Sieder and Scott, while each of the two Wallis-White ar- 
rangements is given considerably more weight than each of the 
numerous arrangements tested by Huge and Pierson. Figs. 8 
and 9 of this discussion show all the available data on pressure 
drop for turbulent flow across plain tube banks on the authors’ 
method of presentation, giving equal weight to each arrangement 
reported. It is apparent that the deviation of the data from the 
line proposed by the authors is as much as three- to fourfold as 
compared with less than twofold indicated by their Fig. 4. 
This greater deviation is due to the additional data of Allen, 
Andreas, Brandt and Dingler, Carlson and Hurt, Dehn, Jauer- 
nick, Reiher, Rietschel, Soule, and ter Linden, as well as some 
of Pierson’s and Huge’s data that had not been included in the 
original presentation by the authors. 

Their line for streamline flow appears to be based on iso- 
thermal data for only a single arrangement. All other points 
are based on heating and cooling runs. In view of the uncer- 
tainty as to the proper interpretation of data for banks in which 
heat transfer occurs, it would hardly appear justifiable to use 
them for the fundamental correlation, particularly when iso- 
thermal data are available. The isothermal correlation should 
then be used to determine the proper way to handle data for the 
case of heat transfer. 

Fig. 10 of this discussion has been prepared to compare the 
available isothermal data on the basis of the authors’ method of 
presentation. The points shown represent all the isothermal 
streamline data originally reported by Sieder and Scott as well 
as some additional data obtained by Sieder and reported by the 
authors. All of the data represent staggered equilateral tube- 
bank arrangements. By reference to the original Sieder-Scott 
method of presentation, subsequently adopted by Chilton and 
Genereaux for the streamline region, it becomes apparent that 
the authors’ method does not give as good a representation of the 
data. 

It is to be expected that the effect of tube spacing will be differ- 
ent for turbulent and for streamline flow. In one case, kinetic 
energy or inertia forces are predominant, while in the other shear 
or frictional forces are controlling. It is only by pure coincidence 
that tube spacing can affect each to the same degree. The fact 
that the authors obtained a fairly good correlation for both 
streamline and turbulent flow would appear to indicate that an 
equal effect is closely approximated. However, it should be 
pointed out that the available data for streamline flow, while 
copious, cover a very limited range of spacings (two staggered 
equilateral and no in-line arrangements). Consequently, ac- 
ceptance of the possibility of a single correlation for both regions 
must be made with considerable reservation until more data be- 
come available. 

In the case of the Wallis-White staggered arrangement, the 
authors apparently used a value of D, of 0.079 ft, whereasjit 
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should have been 0.0625 ft, which results in their friction factors 
being high by 25 per cent. The original calculations of the Sie- 
der-Scott data reported by the authors also contained some errors, 
which, when rectified, resulted in most of the values originally 
reported for Reynolds numbers, D,G/u, less than 20 being 
shifted to a Reynolds number tenfold higher. The corrected 
values are given in Fig. 10 of this discussion. (See page 658). 

Summarizing, it would appear that the effect of tube spacing 


Fic. 9 COMPARISON OF TURBULENT-FLOw Data ror IN-LINE ARRANGEMENTS 


1,000,000 


of representation.) 


is considerably more complex than the authors’ method would 
imply. The foregoing discussion largely represents excerpts 
from a forthcoming review paper on the same subject. This 
paper will compare the various methods that have been proposed 
for the representation of data on pressure drop across plain tube 
banks, using all available data. It will be shown that other 
methods are considerably more accurate and simpler to employ 
for design calculations in the ease of plain tube banks than that 
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proposed by the authors. Extended surfaces 100 
have not been considered, since data are con- 80 
sidered still too meager to permit any critical 60 
comparison. ; 
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Reference Source 


Steder & Scott 
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Gunter & Shaw 
Steder & Scott 


8S. L. Jameson. The equation for pressure 
drop in crossflow proposed by the authors is 20 


very interesting, both from the degree of cor- 
relation they have obtained, and from the ease 


with which it may be used in design. How- 10 


ever, a study of data on the effect of tube s 
spacing in staggered banks of helically finned 
tubes* indicates that the equation requires 


further study and refinement before it can be f 

generally used. 
In Figs. 11 and 12 of this discussion, friction 2; 

factors are plotted against Reynolds number, as 

defined by the authors, for the highest and low- 

est test air flows for the arrangements re- \ 

ported.¢ In all cases the friction factor is cal- o8r 

culated on the basis of the free area in a single 06 

row of tubes, regardless of the relative free 


area through the diagonal openings between 
successive tube rows. 

Fig. 11 shows the friction factors for vari- a2 
ous */,-in. tube arrangements as calculated 
from the authors’ equation. The points di- 


verge widely from their curve, and show defi- Qu r 


nite trends of divergence with variation of ‘ 
either the tube spacing across the face of the 
tube bank, or of variation of the spacing be- 
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tween tube rows. Fig. 10 CoMPaARISON OF STREAMLINE-FLow Data ON GUNTER-SHAW MeTHOD 


The authors’ equation revised by inter- 
changing and gave a much better cor- 
relation of the friction factors for crossflow over finned-tube 
banks. The revised equation is 


_ AP g (2: —0.4 (=7) 
\n) \s) \s,) 


All symbols are as defined by the authors. The friction factors 
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for all tube arrangements tested® are plotted against Reynolds 
number in Fig. 12. The equation of the curve approximating 
the data is f/2 = 1.69 (R)~-2, 

A factor to correct air pressure drop for tube spacing in a 
finned-tube bank is very useful in design (see Fig. 5 of the writer’s 
paper®). Factors based cn constant air-mass velocity, pres- 
sure, and temperature are plotted in Fig. 13 of this discussion. 
The factors calculated from the revised equation given previously 

check the test results satis- 
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(Plotted on Dy» basis using revision Gunter and Shaw formula.) 
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face in crossflow. 


flow across banks of helically finned tubes much better than does 
the original equation of the authors, but both require much 
study and revision before they may be applied to all types of sur- 


CLOSURE 


The authors appreciate the contribution, by Messrs. Boucher 
and Lapple and Mr. Jameson, of some thought-provoking dis- 
cussion material on the subject paper. Although their comments 


G&S Rev.: Factors based on a revision of Gunter & Shaw equation. 
ures: In curves A, spacing between rows; in curves B, tube spacing across cooler face.) 
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Fig. 13 Factors To Correct Arr Pressure Drop ror Tuse SpacinG IN BanKs HELICALLY FINNED TUBES 


(Correction factors are based on constant air-mass velocity and on f/2 varying as Re~®-%, 
Gunter & Shaw equation. 


Curves are designated as follows: 
Test: 


seemingly refute certain parts of the over-all correlation these are 
welcome, since it is only by constructive criticism that progress 
can be made in a field in which, admittedly, such advances are 


desirable. 
With regard to the Boucher and Lapple comments, it is agreed 
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that some over-all accuracy is lost in attempting a crossflow fric- 
tion correlation which presumes to take care of both staggered 
and in-line, bare and extended-surface tubes; at the same time 
it is observed that a single curve covering both streamline and 
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turbulent flow is most advantageous for practical engineering 
upplication. It might be well to point out that a majority of the 
additional data cited by Messrs. Boucher and Lapple fall out- 
side the “conventional arrangement” limitations imposed by the 
paper, and that “single evlinder” effects predominate. 

Further, as originally mentioned under “Bare Tubes’’ in the 
paper, “friction data of Carrier, Allen, Soule, Dehn, Reiher and 
Reitschel...... (were) used to establish the correlation but 
are not shown.” Recheck of this material against discussers’ 
Figs. S and 9 reveals inconsistencies of their plots here. The 
reference to Pierson’s and Huge’s data “not included”’ is refuted 
by the statement that a majority of the minimum and maximum 


cases of these investigators were reported on in the paper while 


random tests of the remainder were made to check the validity 
of the correlation, but were not published. 

With regard to the streamline region of the curve, it is unfor- 
tunate that only two tube arrangements were available. How- 
ever, a number of extended-surface arrangements were applied 
which confirm this portion of the plot, in good agreement with 
the bare-tube data. Moreover, from a practical standpoint, the 
authors have used a large number of heating and cooling stream- 
line flow tests which fall on the suggested line, using the well- 
known Sieder and Tate y,’u,, viscosity correction ratio. Conelu- 
sion 4 of the paper admitted this scarcity of variety in the data 
available for this range of the correlation, and thereby justified 
the foregoing procedures. In any case, the authors’ curve is 
found to be more conservative than that of Chilton and Gener- 
eaux (20). 

In this connection, critical study was made of the evaluation 
of the final AP values as produced by the two methods. As a 
result it may be stated that the Chilton and Genereaux correla- 
tion gives calculated results for the Seider and Scott isothermal 
data, for example, with average deviation of approximately 
—20 per cent, as against approximately +10 per cent for the 
new correlation recommended by the authors. Since practical ap- 
plications always countenance a certain amount of safety factor, 
and since, in the final analysis, it is the ultimate values of AP 
which should carry the most weight in establishing the validity 
of a correlation against actual results, it is felt that the proposed 
curve is more acceptable in this regard. 

In Mr. Sieder’s published discussion of the Chilton and Gener- 
eaux paper (20) he indicated that the use of two individual plots, 
covering streamline and turbulent flow, might be confusing and 
that there definitely is a gradual transition from one type of flow 
to the other, which is lost in the separate curve presentation. 
From a practical standpoint as brought out previously, a single 
curve is also very desirable for commercial use. For these rea- 
sons the development of the present correlation was undertaken. 

The authors must admit to an error in the published value of 
D, for the Wallis-White staggered arrangement, (Line No. 25- 
38, Table 1). The corresponding in-line data, however, are cor- 
rectly shown. Further reference to the original plots of authors’ 
Fig. 4 and corrected replots of these data in discussers’ Fig. 8 
will show that the 20 per cent discrepancy reported by the latter 
is of minor significance. Whereas the incorrect plotting first fell 
some 10 per cent above the recommended line, the true replotting 
positions these points an approximately equivalent amount be- 
low. The net result of this shift does not warrant any change in 
the published curve. 

With regard to the tenfold correction reported by the discussers 
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in certain of the Sieder and Scott data for Reynolds numbers 
originally less than 20, the authors cannot identify the tests re- 
ferred to, only one run having been located which contained such 
a change. In addition, four points appear to have been omitted 
from Boucher and Lapple’s Fig. 10 which fall on the published 
line at Reynolds numbers between 6 through 20. 

With reference to Mr. Jameson’s discussion, there are several 
items which warrant comment. In the first place, his reproduc- 
tion of the authors’ basie line as given in Fig. LL is not strictly 
correct, being slightly high for the turbulent region shown (com- 
pare with Figs. 4 and 5). Moreover, it is to be noted that Fig. 
11 is restricted to but one tube size, 3/, in. A more complete 
plotting by the authors, including the 5/s-inch and 1-in. tube data 
shown in Fig, 12 transposed to original basis, falls both above and 
below the published curve, which represents a good average of 
these plots (see Fig. 14). 
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Fria. 14 Comparison or JAMESON FINNED-Tuse Data Tur- 
BULENT REGION OF AUTHORS’ RECOMMENDED LINE 


It must be pointed out that a minimum of three rows was stipu- 
lated as the lower limit of accuracy for the recommended corre- 
lation. Since some of Mr. Jameson’s work was on one or two 
rows, it might be expected that these points would plot low, which 
they do. 

As to the suggested revision of the basic equation by inter- 
changing S; and Sz, the authors cannot subscribe to this as a 
definitely established, recommended revision of the proposed 
general correlation. Application of this reversal to bare-tube 
data destroys the alignment there; hence for general correlation 
of both bare and extended surfaces, the original published ver- 
sion of the equation and correlation is preferred, at least for the 
present. The interchanged factor idea, is, however, most inter- 
esting, and as a demonstration of possible future work toward 
refinement of the basic correlation for more over-all accuracy, has 
much to recommend it. 

It is believed that when heat transfer and pressure drop can 
each be correlated on a single line for both turbulent and stream- 
line flow, using dimensionless correction factor ratios, this is 4 
major advance in crossflow analysis. 

Further development of the basic equation must consider the 
following groups of surfaces—round bare tubes and single cylin- 
ders, round tubes plus flat plates (crossfin tubes), and flat tubes 
plus flat plates (core-type surface). 
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In connection with the rehabilitation of the war-torn 
areas of the world, there is a great need for power plants 
which can be moved from one location to another without 
difficulty, and which can be put into operation in a short 
period of time. In some of the locations where these 
power plants must operate, cooling water will be unavaila- 
ble, or obtainable only at a great premium. To take care 
of such cases, a number of power trains have been built to 
use air as a cooling medium rather than water. The 
trains in general have been widely described. The present 
paper is devoted to a more complete description of the 
condensers and to a report on their operation. 


OWER trains are expected to operate at temperatures 
varying from 40 F below zero to +95 F. The primary 
purpose of the condenser is to recover condensate and not 

to reduce the heat rate of the plant by the production of vacuum. 
Back-pressure operation was chosen for design conditions be- 
cause the condenser size and power requirements of the blowers 
would be excessive if a vacuum of any magnitude is to be main- 
tained. At lower air temperatures or at partial loads, vacuum 
will, of course, be practical, and a single-stage ejector is sup- 
plied to take advantage of these conditions. 


Detaits OF CONDENSER AND OPERATING CONSIDERATIONS 


The condenser for a 5000-kw power train is placed on two cars, 
each car containing eight separate condenser sections, air for 
which is supplied by four propeller-type blowers. Fig. 1 is a 
general view of the condenser cars. Steam is supplied to the cars 
through a manifold from the turbine, connecting to a pair of 
longitudinal steam ducts running the length of the car. The 
condenser sections are set on these ducts so that steam enters 
them from the bottom, is condensed, and the condensate drains 
back into the ducts from which it is removed by a condensate 
pump. This counterflow relationship between steam and con- 
densate was chosen because it not only serves to heat and deaer- 
ate the condensate but also prevents its freezing. 

The condensing sections themselves consist of ten rows of 
finned tubes, mounted vertically. Each section contains 370 
tubes, giving 5625 sq ft of finned surface, or a total of 90,000 sq 
ft for the train. The face area of each section is 42.5 sq ft. 
The dimensions of the tubes are given in Fig. 2. They are ar- 
ranged on a 2-in. staggered pitch. The tubes are constructed of 
steel, with steel fins, and the tube assembly is galvanized inside 
and out. Steel was chosen for the material because it is adequate 
for the service and was more available at the time the design was 
prepared than were the copper-base alloys. 

In all condensing apparatus where the latent heat of steam is 
transferred to a cooling fluid as sensible heat, there will be 
variations in the condensing capacity of different sections of the 
condenser. In order to supply each part of the condenser with 
the steam it requires, it is necessary either to provide a varying 


1 Manager, Condenser Engineering, Westinghouse Electric Cor- 
poration. Mem. A.S.M.E. 
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Air-Cooled Steam Condensers 


By R. A. BOWMAN,!' PHILADELPHIA, PA. 
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pressure drop to the different parts, or to arrange the flow paths 
so that they will have the proper resistance to limit the steam to 
that required by the condensing surface. In the ordinary surface 
condenser this can be accomplished in a natural manner by ar- 
rangement of tubes and tube plates. In those cases where the 
steam is inside of the tubes, nothing can be done to vary the re- 
sistance of the individual flow paths, but resistances can be added 
in the form of orifices to bring about a balance in the steam-flow 
paths. 

A section through the individual coudensing unit is shown in 
Fig. 3, illustrating the method used in this air-cooled condenser to 
provide balaneed steam flows. The tube bank is divided into 
five separate groups, each group comprising two rows of tubes. 
The first four of these groups exhaust into the fifth group 
through orifices. The fifth group of tubes serves as a final con- 
densing section, or what is frequently called an “air-cooler 
section.” The orifices limit the amount of steam which any 
group can supply to the air cooler, and in order to pass the total 
steam required by the air-cooler section it is necessary that steam 
be supplied through all the other four groups of tubes, giving 
an adequate balance of steam flows. 

The requirement that the condenser operate satisfactorily at a 
temperature of —40 F makes it imperative that every possible 
precaution be taken to prevent freezing inside the condenser. 
The greatest danger of freezing arises in those areas which, be- 
cause of poor distribution or light loading, are not fully supplied 
with steam. Fortunately, the design which leads to efficient 
use of the condenser surface by supplying steam to all the tubes 
in accordance with their capacity to condense it, also serves to 
keep all areas warm and free from ice. 


AvorpinG Dirricutties at Low TEMPERATURES 


Under conditions of light load and cold air the vacuum deter- 
mined from heat-transfer considerations will exceed that pro- 
duced by the ejector, and the condenser will begin to fill with 
air until the point is reached at which the remaining surface 
supplied with steam is just sufficient to satisfy the heat-transfer 
equation. As soon as a tube fills with air its temperature will 
drop approximately to that of the air outside the tube. If this 
temperature is below the freezing point the condensate which is 
formed within the tube or flows into it from other sections will 
freeze. The first tubes in which this will occur are those in the 
air-cooler section; but since this section is located on the air- 
discharge side, the air will have been warmed up to a tempera- 
ture above 32 F in almost all cases. Any reduction in load oc- 
curring after the air-cooler section has been blanked off will 
introduce air at the top of the tubes in the first row where 
danger of freezing is great. 

Each section of the condenser is supplied with a distant-reading 
thermometer, the bulb of which is located in the top of the center 
tube of the first row. Since this thermometer bulb is located at a 
point where freezing is most likely to occur, the operator is given 
a reliable guide on the danger of ice formation. The operating 
instructions of the train state that when the temperature as 
measured by this thermometer falls below 150 F, the amount of 
air circulated should be reduced by closing down one or more 
blowers. 

In the case of extremely low temperatures and very light loads, 
it is possible that even with only one car in service and one 
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Fig. 3. Section THRrovuGH CONDENSING UNIT 


blower operating on that car, the temperature as read on the 
thermometer will still tend to fall to a dangerous degree. To pro- 
vide for such an eventuality condensers are equipped with cover 
plates which can be used to cover a part of the surface of each 
section to reduce the cooling area and amount of air flowing. 

The air-removal system from the sections consists of a mani- 
fold running along the car, connected to the air off-take from each 
section. This manifold delivers the air to the suction of a single- 
stage ejector which in turn is served by an air-cooled after con- 
denser. 


BOWMAN—AIR-COOLED STEAM CONDENSERS 


CONDENSER TEsTs CONDUCTED 


At the time the entire train was tested, readings were made 
on the condenser. The purpose of these tests was to determine 
the amount of heat which could be transferred by the condenser 
under design conditions and were limited to this objective. Time 
was not available to run tests under carefully controlled condi- 
tions or to develop careful instrumentation. Test data were ob- 
tained on the following items: 


1 Ambient temperature. 

Barometer. 

Air temperature leaving condenser. 
Steam temperature. 

Steam flow to the condenser. 
Air-pressure drop through condenser. 


W 


The temperatures were measured with glass thermometers, 
except for the temperature of the air leaving the condenser 
which was measured by means of thermocouples. The steam 
pressure in the duct was measured with a mercury column, the 
pressure drop through the condenser with a water column, and 
the amount of steam flowing with a calibrated commercial flow- 
meter at the boiler. The test results are given in Table 1 


TABLE 1 TEST RESULTS ON CONDENSER 
Test no. 1 2 3 


Ambient conppeaseene, deg F 94.25 86.8 70.3 
Air temperature 4 condenser, deg 

Steam temperature, deg 225.4 217.2 202.4 
Steam condensed, lb per hr.......... 79860 78640 78140 


Air-pressure drop, in. H20........... 2.4 2.53 2.64 


Heat load, Btu per hr............... 75,330,000 74,360,000 75,830,000 
Heat-transfer rate. 13.4 12.0 
Face velocity, psf per \ Se ee 4300 4700 4640 


Tests on the air-cooled condenser for the power train indicate 
that such a condenser is entirely practical where conditions 
justify its use. It has the advantage that no water is required for 
cooling and can be put into operation without connection to an 
outside source of cooling medium. Because of the poor heat- 
transfer properties and the low specific heat of air, such a con- 
denser in general requires higher auxiliary power, greater invest- 
ment, and higher back pressure on the turbine than would the 
usual water-cooled condenser. For this reason it is not likely 
to find many profitable applications in the power-generation field, 
and its use will be confined to those extreme conditions where 
water is not available, and the increased cost and reduced operat- 
ing efficiencies can be justified. 


Discussion 


S. Kopr.?. The air-cooled steam condenser described by the 
author is an interesting application of extended heat-transfer 
surface to meet a wartime need in the power-generation field. 
As mentioned by the author, only in rare cases will such con- 
densers be used in peacetime for this purpose. The power re- 
quirements for the blowers is high, although this could be 
reduced by increasing the amount of heat-transfer surface. 

At the present time several companies are manufacturing 
standardized air-cooled heat exchangers which are being used in 
those sections where water is scarce or may only be obtained at 
a premium. Several of these installations are quite large and 
justify their installation from an economical standpoint. The 
writer knows of one case where the cost of installing a water line 
plus the cost of a cooling tower alone far exceeded the total cost 
of an air-cooled heat exchanger. 


2 American Locomotive Company, Alco Products Division, New 
York, N. Y. Mem. A.S.M.E. 
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Heat Transfer Through Tubes With 
Integral Spiral Fins 


By D. L. KATZ,! K. O. BEATTY, JR.,! ano A. S. FOUST! 


Heat-transfer data are presented for a group of tubes 
having integral spiral fins. The group includes tubes with 
a range of from 4 to 24 fins per in. and from 0.05 to 0.38 in. 
fin height. Seven series of measurements were made, us- 
ing steam, air, water, and oil as fluids. The data are com- 
pared, when possible, with theoretical equations which ap- 
ply to the particular heat transfer. The performance of 
tubes with the extended surface is compared in all cases 
with that of plain tubes tested under similar conditions. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


Ay = outside area of tube, sq ft per ft 
A, = inside area of tube, sq ft per ft 
c, = heat capacity of fluid, Btu per lb per deg F 
Dy = diameter of tube over fins, in. 
D, = inside diameter of tube, in. P 
Dg = equivalent diameter or diameter of a plain tube which has 
the same longitudinal cross section as the finned tube (in- 
cluding fins) 
D’ = inside diameter of outside wal! of annulus minus Dg of 
inner tube 
G = mass velocity, lb per sq ft per sec 
h = film coefficient, Btu per hr per deg F per sq ft 
k = thermal conductivity, Btu (ft per hr per deg F per sq ft) 


L = length of tube, ft 

rate of heat transfer, Btu per hr 

logarithmic-mean temperature difference 

over-all heat-transfer coefficient, Btu per hr per deg F 
per sq ft outside surface 


U, = over-all heat-transfer coefficient, Btu per hr per deg F per 
fit length of tube 
V = velocity, fpm, Vmax = velocity at minimum cross section 


u = viscosity, lb per ft sec 
INTRODUCTION 


Heat-transfer measurements have been made on eighteen tubes 
with integral spiral fins and two plain tubes. The tubes were 
made of copper and were either of 1/; or §/s in. nominal diameter 
with actual dimensions as given in Table 1. Fig. 1 shows the na- 
ture ot the integral spiral fins which are formed from a plain thick- 
walled tube. With the exception of tubes Nos. 13, 14, and 24, 
the fins have a small uniform taper; the tip of the fin is from 60 
to 80 per cent as thick as the base. Fig. 1(a) shows the nature 
and magnitude of corrugations inside the tubes. 


Seven groups of heat-transfer measurements were made with 
steam, air, water, and a mineral oil as fluids, as follows: 

Series A: Heat transfer from steam inside single horizontal 
tubes to air in forced convection outside. 


1 Department of Engineering Research, University of Michigan, 
Ann Arbor, Mich. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 27-Dec. 1, 1944, of Tae 
AMERICAN SociETy OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors, and not those of 
the Society. 
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Fic. 1(a) Driwenstons OF CoRRUGATIONS ON INSIDE OF TYPICAL 
TuBEs 
Series B: Heat transfer from steam inside banks of vertical 


tubes to air in forced convection outside. 

Series C: Heat transfer between cold water inside single hori- 
zontal tubes and humid air in forced convection outside. 

Series D: Heat transfer between water inside single horizontal 
tubes and steam outside. : 

Series E: Heat transfer between steam inside single horizontal 
tubes and water in annular space outside. 

Series F: Heat transfer between water inside single horizontal 
tubes and hot oil in annular space outside. 

Series G: Heat transfer between steam inside single horizontal 
tubes and oil in annular space outside. 
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TABLE 1 

Fin Root 
Tube Fins height, fo ft? Ai ft? diam, 

no. per in in, per ft per ft in. 
1 16.1 0.050 0.46 0.144 0.640 
4 24 0.044 0.556 0.143 0.628 
7 None 0 0.163 0.143 0.625 
8 7.5 0.228 0.964 0.147 0.662 
9 None 0 0.131 0.110 0.500 
10 me 0.335 1.46 0.141 0.620 
1l 5.8 0.300 1.01 0.142 0.622 
12 8.1 0.320 1.47 0.148 0.640 
13 4.0 0.123 0.281 0.106 0.481 
14 4.0 0. 235 0.505 0.111 0.500 
15 3.9 0.380 0.81 0.111 0.500 
16 8.0 0.285 1.28 0.149 0.645 
22 8.33 0.166 0.617 0.114 0.503 
23 9.00 0.119 0.471 0.113 0.492 
24 3.8 0.157 0.336 0.102 0.500 
25 3.8 0.286 0.594 0.104 0.518 
26 3.8 0.316 0.66 0.104 0,518 
27 5.8 0.250 0.74 0.111 0.510 
28 6.0 0.141 0.43 0.115 0.521 
29 6.0 0.347 1.09 0.116 0.525 


Estimated. 
Note: Ao = outside area. 


A, = inside area. 

Over-all coefficients of heat transfer were measured in all cases. 
The results for Series A, B, and C have been correlated by gen- 
erally accepted methods and are presented as correlation curves. 
The experimental data for the remaining series have been tabu- 
lated, since no complete correlation has been found. 


Series A Heat TRANSFER From STEAM INSIDE SINGLE Honrt- 
ZONTAL TUBES TO AIR IN FORCED CONVECTION OUTSIDE 


Single tubes 3 ft long were placed in a horizontal position as 
shown in Fig. 2. Air blown normal to the axis of the tube was 
controlled by vanes which had a spacing at the position of the tube 
as listed in Table 1. Calming was accomplished by six vertical 
vanes 16 in. Jong, as indicated in Fig. 2. Inlet- and outlet-air 
temperatures were measured by mercury-in-glass thermometers. 

Steam was admitted to the inside of the tubes at 10 psig, and 
the condensate was collected in a calibrated tank. Care was ex- 
ercised that noncondensable gases did not accumulate in the con- 
densate receiver. 

The observed rate of steam condensation, corrected for radia- 
tion losses, was used to calculate the rate of heat transfer. The 
air rate on a weight basis was calculated from the measured rise 
in air temperature and the heat-transfer rate. 

Over-all coefficients of heat transfer are expressed either as U';, 
or Uo, as calculated from the following equations 


3 q Btu 
LAt (hr) (deg F) (ft) 
Btu 
[2] 
LAjAt (hr) (deg F) (sq ft) 
where g = heat-transfer rate, Btu per hr 
L = length of tube, ft 
Ay = sq ft of outside tube surface per ft of length 
At = logarithmic-mean temperature difference between 


steam and air 


The relation between the two coefficients is 


From the data obtained, correlations have been developed be- 
tween the heat-transfer coefficient Uo, and the air velocity at the 
minimum free cross section, Vmax. Air velocity is expressed in 
feet per minute of standard air defined at 70 F, 29.92 in. mercury 
barometer, and 50 per cent relative humidity. At these condi- 
tions, the specific volume of air is 13.5 cu ft per lb. In calculating 
the minimum free cross section, allowance is made for the longi- 
tudinal cross-sectional area of the tube, including the fins. 
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DIMENSIONS OF TUBES TESTED 


Inside Outside Fin Face depth 
diam, fin diam, thickness, of duct during 
in, in. in. De, Series A, in. 
0.550 0.740 0.016 0.666 1.25 
0.548 0.717 0.012 0.654 1.00 
0.547 0.625 1.00 
0.562 1.115 0.020 0.730 1.50 
0.422 0.500 1.00 
0.540 1.291 0.024 0.744 1.291 
0.542 1.223 0.024 0.706 1.223 
0.564 1.280 0.024 0.764 1.280 
0.404 0.725 0.035% 0.515 1.50 
0.424 0.970 0.032 0.560 1.50 
0.424 1.260 0.027 0.580 1.50 
0.569 1.215 0.024 0.754 1.215 
0.436 0.835 0.024 0.569 1.215 
0.432 0.730 0.022 0.539 1.215 
0.390 0.815 0.037 0.544 1.215 
0.398 1.090 0.032 0.588 1.09 
0.398 1.150 0.032 0.595 1.15 
0.424 1.010 0.027 0.588 1.01 
0.441 0.840 0.027 0.567 1.01 
0.445 1.220 0.024 0.625 1.23 


2 Deis the diameter of a plain tube which has the same longitudinal cross section as the finned tube (including fins), 


STEAM LINE 


CONDENSATE 
RECEIVER 


MOTOR ORIVEN BLOWER 
Apparatus Usep ror Heat-TRANSFER MEASUREMENTS ON 
SINGLE TUBES 
(Section through duct and top vane to show tube.) 


Fic. 2 


The correlations for the data on the tubes of Table | are pre- 
sented in Figs. 3, 4, and 5, as plots on logarithmic co-ordinates. 
Fig. 3 includes the data for tubes having outside-surface areas in 
excess of 0.65 sq ft per ft. Fig. 4 shows the data for tubes having 
outside-surface areas less than 0.65 sq ft per ft. In each figure, 
the tubes included range from those having 4 to those having 9 
fins perin. The straight line in Fig. 3 has the equation 


Uo = 0.229 Vmax? 58 [4] 
In Fig. 4 the straight line drawn corresponds to 
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Tubes AGarnst Arr VELOcITY AT MINIMUM FREE Cross SECTION 
(Data for tubes Nos. 11, 22, 23, 24, 25, and 28.) 


Uo = 0.244 V [5] 


Both groups of data agree within approximately +7 per cent 
with a single line drawn in between the two lines shown. This 
line has the equation 


Uo = 0.236 ere 


Fig. 5 contains the data on the two low-finned tubes Nos, 1 
Equation [6] is plotted 
The extended surface of the 
fins for the tubes in Figs. 3 and 4 is slightly more effective per 
square foot than the surface of the plain tube. The tubes 1 and 4 
are low-fin tubes having 16 and 24 fins per in. The curves show 


and 4 and the plain tubes, Nos. 7 and 9. 
as a@ dashed line for comparison. 
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(Data for tube numbers as labeled on curves.) 


that the increase in surface produced by the fins does not cause a 
proportionate increase in the heat-transfer coefficient per foot of 
length. This is probably because the fins are too close together to 
permit free passage of air between them. 

In Fig. 6 certain of the data have been plotted as U,, the heat- 
transfer coefficient per foot of length, against the air velocity at 


minimum free cross section. This figure illustrates the wide dif- 
ferences in fin heights and fin pitches of the tubes tested. The 
consequent variations in outside tube surface per foot of length 
make great differences in the heat-transfer coefficients, based 
on the length of the tube. 


Serres B Heat TRANSFER FROM SreAM INsIDE BANKs OF 
VERTICAL TUBES TO AIR IN FoRCED CONVECTION OUTSIDE 


One single row of 12 tubes and one double-row unit were used 
for heat-transfer measurements on banks of tubes. The dimen- 
sions of the units and of the finned tubes used in them are given 
in Table 2. Fig. 7 is a sketch of the apparatus used in testing the 
two finned-tube units. The units were set with tubes vertical in a 
duct of cross section equal to the face dimensions of the unit. 
Measurements of steam condensed and air-temperature rise were 
made at a variety of constant air velocities for each of several 
different steam pressures. Steam pressures used were 5, 25, 50, 
75, 100, and 125 psig. Face air velocities were varied from 200 to 
750 fpm, based on standard air. 

Calculations of the data were made in the same manner as 
with single tubes. The calculated values of Uo are plotted against 
Vmax, on logarithmic co-ordinates in Fig. 8. No distinction has 
been made between points obtained at various steam pressures, 
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TABLE 2 DIMENSIONS OF UNITS TESTED 
Sincie-Row Unit 


Dimensions: 


Total length of tubes, ft......... 
Total heat-transfer area, sq ft 
Center-to-center tube spacing, in.............. 1.41 


Data on tube in single-row unit: 
N 5.80 fins per in. 


H = 0.314 in. = fin height 

Ae = 1.056 sq ft per ft = outside tube surface 

D = 0.622 in. = root diam of tube 

Do = 1.250 in. = outside fin diam 
DE = 0.709 in. 

Dovus.e-Row Unir 
Dimensions: 

Total heat-transfer area, sq ft................. 75 
Staggered 2 rows, 1.5 in. 
Center line to center line..................... 12 tubes, 1.41 in., center 


to center in each row 
Data on tube in double-row unit: 

N = 7.80 fins per in. 

H = 0.347 in. = fin height 

Ao = 1.056 sq ft per ft = outside tube surface 

D = 0.621 in. = root diam of tube 

De = 1.315 in. = outside fin diam 
De = 0.751 in. 
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since no trend was observed. The straight line in the figure has 
the equation 


A comparison of this equation with Equation [6] for similar 
single tubes shows that the heat-transfer coefficients at a given 
air velocity are approximately 30 per cent higher when the tubes 
are arranged in banks than when they are used singly. This in- 
crease is probably caused by a greater turbulence of the air around 
the tubes in banks, or could be attributed partially to the layer of 
condensate accumulating inside the horizontal tube. The effect 
of turbulence has been observed by other investigators?:* be- 
tween a single row and a bank of several rows with plain tubes. 
It appears that a single row of finned tubes causes turbulence 
equivalent to several rows of plain tubes and that only minor in- 
creases in turbulence occur with added rows of finned tubes. 
When tubes are to be used vertically in banks, the coefficient 


2 “Correlation and Utilization of New Data on Flow Resistance and 
Heat Transfer for Crossflow of Gases Over Tube Banks,”’ by E. D. 
Grimison, Trans. A.S.M.E., vol. 59, 1937, pp. 583-594. 

?‘‘Heat Transmission,’’ by W. H. McAdams, second edition, 
McGraw-Hill Book Company, Inc., New York, N. Y., 1942, p. 228. 
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should be estimated from the solid line in Fig. 8 and not from 
Fig. 3 or 4. 


Serres C Hear TRANSFER BETWEEN COLD WATER INSIDE SIN- 
GLE Horizontat TuBEs AND Humip AIR IN ForcED CONVECTION 

Measurements of heat transfer between humid air and cold 
water were made, using the apparatus in Fig. 2, with modifica- 
tions. Air entering the blower was conditioned to 80 F, with 50 
per cent relative humidity, and held constant. Water cooled to 
40 F was circulated through the tube at a velocity of about 200 
fpm in the tube. Actual water rates were determined by a cali- 
brated orifice, and the rise in water temperature was measured 
by Beckmann thermometers in the inlet and outlet streams. 

Wet- and dry-bulb temperatures of the inlet air and dry-bulb 
temperature of the outlet air were measured by mercury-in-glass 
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thermometers. The rate of heat transfer was computed from the 
measurements on the water side. The air rate was computed by a 
heat balance, assuming the air to have been cooled and dehumidi- 
fied according to the ‘“‘contact-mixture theory.’ This method 
was considered more reliable than wet-bulb measurements on the 
outlet air because of the possibility of condensate from the tube 
being entrained in the air stream. 

The over-all coefficients of heat transfer were computed using 
Equation [2]. The results for five high-finned tubes which follow 
the same curve A are given in Fig.9. A similar curve was drawn 
for tubes Nos. 15, 25, 26, and 28. It is shown in Fig. 10, as curve 
B, which figure also includes curve A of Fig. 9 and the data 
for seven individual tubes. Fig. 11 is a comparison of the plain 
tubes, the low-finned tubes and the curves A and B. The equa- 
tions for curves A and B are as follows 


Curve B U5 = 0.353 [9] 


In calculating the minimum free cross section of the duct to ob- 
tain Vmax in feet per minute of standard air, allowance was made 
for a condensate film approximately 0.01 in. thick covering the 
entire outer tube surface in addition to the longitudinal cross sec- 
tion of the dry tube. 


4*‘Contact Mixture Analogy Applied to Heat Transfer With Mix- 
tures of Air and Water Vapor,”’ by W. H. Carrier, Trans. A.S.M.F.. 
vol. 59, 1937, p. 49. 
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The fin shape, height, and pitch appear to have considerably 
more effect on the heat-transfer coefficients of the tubes when 
they are wet than when dry. In general, the large number of fins 
per inch give lower coefficients with the extreme effect shown by 


tube No. 4 with 24 fins (0.044 in. high) per inch, Fig. 11. Noex- 
planation can be given for the high coefficients for plain tube No. 
9. It should be appreciated that the temperature rise measured 
for the water was lowest for the plain tubes and rose with in- 
creased surface for the finned tubes. 


Serres D Heat TRANSFER BETWEEN WATER INSIDE SINGLE 
Horizontal TUBES AND STEAM OUTSIDE 


The last four series of tests were made using variations of the 
apparatus shown in Fig. 12. For Series D, the cooler section only 
was used with water flow as indicated in Fig. 12, and steam at 25 
psig in the annular space outside the tube with condensate going 
to a calibrated receiver. 

The experimental data and calculated coefficients are given in 
Table 3. The over-all coefficient is composed of the steam-film 
coefficient on the outside which should remain substantially 


FLtow 
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constant, the copper resistance, and the water-film coefficient 
on the inside, which should vary as the 0.8 power of the Reynolds 
number. It was possible to select steam-film coefficients for the 
outside by the Wilson method,':* which give straight lines of 
slope equal to 0.8 for the water-film coefficient as plotted in Fig. 
13. For many of the tubes no constant value for the resistance 
of the steam film plus the metal resistance could be found which 
would give straight lines in Fig. 13. A possible explanation could 
be that dropwise condensation occurred during the early runs at 
low water velocity and filmwise condensation gradually set in. 
In several cases the over-all coefficient was reduced for an in- 
creased water velocity, although further increase in water ve- 
locity always gave a net increase in the coefficient. 

For all finned tubes the water-film coefficient was greater than 
that predicted by the Dittus-Boelter type equation recommended 
by McAdams’ 


5 “Basis for Rational Design of Heat-Transfer Apparatus,” by E. 
E. Wilson, Trans. A.S.M.E., vol. 37, 1915, p. 47. 

® Reference 3, p. 272. 
7 Ibid., 3, p. 168. 
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TABLE 3 DATA ON FINNED TUBES; WATER INSIDE, STEAM 
OUTSIDE 


| WATER TEMPERATURE | LN MEAN | WATER STEAM HEAT TRANSFERRED COEFFICIENT 
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This increase is caused by corrugations on the inside diameter 
which were made during the processing of the tube. Finned tubes 


having lower corrugations would be expected to have water-film 
coefficients similar to plain tubes and would follow Equation [10]. 


Serres E Heat TRANSFER BETWEEN STEAM INSIDE SINGLE 
HorizontTaL TUBES AND WATER IN ANNULAR SPACE OUTSIDE 


Series E was run in a manner similar to Series D but with steam 
inside the tubes and water outside. The data are presented in 
Table 4. Over-all coefficients per foot of tube are plotted for 
some of the tubes in Fig. 14, using water rate as the variable. 

In the absence of methods for predicting the film coefficients 
for the steam inside and the water outside, no correlation was 
made. For finned tubes the outside area may be several times 
the inside area. Therefore, even a high film coefficient on the 
inside such as for steam may become a major portion of the re- 
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sistance. For example, tube No. 12 at 162 lb of water per mn 
had an over-all coefficient of 453 Btu per hr per deg F per ft of 
length, or 308 Btu per hr per deg F per sq ft outside area, or 3060 
Btu per hr per deg F per sq ft of inside area. The steam-film 
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coefficient must have been in excess of the 3060 Btu per hr per 


Heat TRANSFER BETWEEN WaTER INSIDE SINGLE 
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The apparatus in Fig. 12 was used with measurements for 
Series F on the cooler. The 37-deg A.P.I. mineral-seal oil had vis- 
cosities of 3.20 centipoise at 100 F, and 1.03 centipoise at 210 F. 
The boiling range was from 525 F at 10 per cent to 644 F at 90 
per cent with a 50 per cent temperature of 568 F. Two sets of 
heat-transfer data were taken, one for an annulus with a diameter 
2.073 in. for the inside diameter of the outer pipe, and the other 


for an annulus of 1.583 in. The data are given in Tables 5 and 6. 


The measurements on plain tubes Nos. 7 and 9 are the usual 
over-all coefficients for the inside wall of an annulus. 
of finned tubes, the spiral fins affect the path of the oil through the 


annulus. 


In the case 
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Water-film coefficients inside the tube under conditions similar 
to these were computed in Series E. These water-film coefficients 
and the assumption that the resistance of the copper may be neg- 
lected were used along with the over-all coefficients to compute 
film coefficients for the oil in the annulus. 

A comparison between the experimental coefficients and those 
‘aleulated by Nusselt-type equation, Equation [10], requires 
equivalent diameters for the annuli. A procedure for plain tubes 
is to use the difference between the inside and outside diameters 
of the annulus. For the finned tubes, the inside diameter of the 
For the twelve tubes 
which gave essentially straight lines for the water-film coefficients 


annulus has been taken as equal to Dg. 


number, Figs. 15 and 16. 


in Fig. 13, a plot was made of the product of hD’ versus Reynolds 


If the Prandt| number 


and the 


thermal conductivity k are assumed to be constant over the 
small temperature range used, Equation [10] may be simplified 
as shown by Equation [11] 


hD’ = 0.023 


0.4 0.8 


By using average values for c,, », and k (Prandtl number 
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TABLE 5 DATA ON FINNED TUBES; OIL OUTSIDE, WATER 
INSIDE 
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TABLE 6 DATA ON FINNED TUBES; OIL OUTSIDE, WATER 
INSIDE 
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21), b was computed to be 0.072. For the No. 7 plain tube and 
the 1.583-in. annulus, the film coefficient was computed by 
Equation [11] and plotted in Figs. 15 and 16 for reference. 
It may be seen that the oil-film coefficients are all above those 
for plain tubes, probably due to the turbulence caused by the 
fins. 

The increase in turbulence may be offset by the increased re- 
sistance of the metal, especially for those tubes having high fins 
and thin fin sections. I% is significant to observe that the higher 
coefficients were for tubes which had 4 fins per in. In nearly 
all cases the measurements on the larger annulus gave higher 
coefficients for a given Reynolds number. 


Serres G Heat TransFerR BETWEEN STEAM INSIDE SINGLE 
HorizontTaL TUBES AND OIL IN ANNULAR SPACE OUTSIDE 


Series G comprises the measurements in the heater, while 
Series F was being made in the cooler in Fig. 12. Only a portion 
of the tubes was used in Series G, but both sizes of annuli, 2.073 
and 1.583 in., were included. The data and calculated coefficients 
are given in Tables 7 and 8. The complexity of the factors in 
the over-all coefficients forbids analysis on the basis of individual 
films. However, the data may be used as a guide for similar con- 
ditions of heat transfer. 


TRANSACTIONS OF THE A.S.M.E. 


NOVEMBER, 1945 


300 T T T T T 
| 
} | | 
| | 
| ! | 
| | 
(SOF 5 | 
ra) 
> 
100 
(a) | 
>. + = 
& | 
60 + 4 
9 ANNULUS DIAMETER 
60 NO 1.$83° 2.073° 
4 4 a 
= 13 ¥- 
14 
ray | 15 a 
2000 4000 6000 8000 10000 14000 


REYNOLDS NUMBER = 


Fig. 15 CoerriciENts FoR O11 OuTsipE FinNED 


TUBES 
| @ | 
200}— + + + 4 
| 
of 6 
150 | | 
> 
¢ 


e¢ 


100 | 
i 
° | 
<= 80 — + 
ANNULUS DIAMETER 
2.073 
e 
a 
oO 
16 
2000 4000 6000 8000 10000 14000 


REYNOLDS NUMBER = DS 


Fic. 16 CaLcuLaTEep FOR OuTSsIDE FINNED 
TuBEs 
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TABLE 7 DATA ON FINNED TUBES; OIL OUTSIDE, STEAM 
INSIDE 
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C. M. Asuuey.* This paper is of considerable interest, particu- 
larly from the standpoint of presenting a correlation of the re- 
sults of tests on a number of different sizes of finned tubes. There 
are two specific points which the writer would like to mention: 

1 In Fig. 8 of the paper it is believed that the discrepancy in 
the results of tests at low air velocities can readily be accounted 
for by the fact that these are in the streamline-flow region which, 
according to our experience, begins somewhere near 600 fpm maxi- 
mum velocity. 

2 It is presumed that the apparatus sketches shown as Figs. 
2 and 7 are schematic in character. 

It has been our experience that great care is necessary to ob- 
tain superheated steam, uniformity of inlet temperature and 
velocity, and outlet temperature, and also adequate accuracy in 
the measurement of air quantity. The apparatus as shown in 
these two figures is scarcely calculated to accomplish these de- 
sired results. It would be interesting to learn from the author 
what provisions were made to assure uniformity and accurate 
measurement. 

Another point relative to the test procedure, on which infor- 
mation might be of interest, is the method of shielding the ther- 
mometers from the radiant heat. 


8 Director of Development, Carrier Corporation, Syracuse, N. Y. 
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TABLE 8 DATA ON FINNED TUBES; OIL OUTSIDE, STEAM 
INSIDE 
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C. T. Paueu.® The writer can now comment from a disinter- 
ested standpoint but, at the time of the original development of 
this integral-finned tubing, he personally devised the tools and 
method of manufacture which made the high-fin type possible 
and practical to produce and was granted four of the patents on it. 

In the section of the paper, designated as ‘‘Series D,” the au- 
thors state, ‘‘the water coefficient was greater than that predicted 
by... .equation recommended... .” and, “This increase is caused 
by corrugations on the inside diameter which were made during 
the processing of the tube.””. The writer wishes to point out that 
the condition stated is by no means accidental and that the feature 
of wall corrugation was incorporated for two very good reasons, 
one being to produce turbulent flow inside the tube and thus ac- 
complish increased heat transfer as here reported, and the other 
being a feature outside the scope of the paper which permits this 
finned tube to be bent, by simple means, on a comparatively short 
radius without removing the fins or weakening the tube. 

This product is inherently comparatively costly to produce, but 
it has distinct valuable qualities peculiar to its being of integral 
metal, and hence warrants consideration on many severe applica- 
tions where its characteristics are of distinct value. 


R. G. VANDERWEIL."° Several film coefficients are mentioned 
in the paper. Working with heat-transfer problems, the writer 
has found that the task of finding correct film coefficients in litera- 
ture is most annoying and in most cases results in highly ques- 
tionable data. Have the authors had an opportunity to check the 


® Utilities Consultant, U.S. Industrial Chemicals, Inc., Baltimore, 
Md. Fellow, A.S.M.E. 

10 Office of Consulting Engineer, Chase Brass & Copper Company, 
Waterbury, Conn. 


| 999 | | soe 2395 | $59 oes 3$//00 3/900 228 
| | | 2350 3040 | $29 462 | 24300 26/10 
| | | so | 2320] 2360 | 260 | 16200 | 1900 | | | 
| 8/60 as 2) % | 2330 | 842 | 6660 0 
858 on 200 | 239 ” | | 7300 17393 45 
| esse | fe 2595 9% 509 492 2450 424 
| | | 5% | 2433 99 See | 5400 | 6000 ae 
6209 | 528 | 2483 237 24900 25100 | “29 32 
$% 2e9 | 2480 254 21300 | 21100 “#2 | 
eos | ewe | 2453 22 450 6/00 «618100 $< Ors 
| 82 2939 2489 29 “3? Be 26200 | | 1/30 | 140 
e337 é 3700 2300 | 538 | [246 
80% | 8/9 230s | 2535 | | ‘79800 | | 1302 | 1055 
ox 2459 2106 se | 7 000 950 
aap | e828 | evo =| 24000 com | | 14 
| ‘ | 2002 26.50 558 esa | 2'300 22 2 he 299 
| 30 seve | 20 2583 | 2480) 2355 | 591 | 460 | 8200 | 19@ | 1309 
| | | sso we | vm | | | rae | | ere | | | 200 | wes | | | 
| 4420 | | 33% | 908 | "e000 | 149% | | 2505 3345 732 | 2900 | 48 
| | CS | 13900 | 1/3800 we 60/8 é 392/ | 2562 3015 725) “40 2500 | 2560 140 | 
| wes ne | 2/00 | me 308 | ee ae ves | 2324 | 2708 | 440 | 22 290 | 
| | 900 o ws | 0705 | 1478 | 2123) 1756 S10 | #3200 | 19200 | 1356 | 1735 
| ase | | as | 6450) 8790) 34 se |24s| «0 12000 | 12780 | 1206 | 
4/00 469 | 250 0 ee | O5% | 458 ans 379 | 460 3800 | 9800 1550 
—+— + +— + + | . | as 8249 | $2? 448 | 2595] 230 6800 | | | 
» 30 | 25600 we 854 | 8008) | 2475 3075 21400 | 20800 a 
mes | age | ne asel| @s | 22800 25400 3s 8280 | 88 2aso 80 890 900. 238 
+ 
| wo) eas Tox 00 2720 4 ars 
4 
— 


674 


relations between temperature of fluids, velocity of fluids, vis- 
cosity of fluids, etc., and the film coefficient, in the course of 
their tests? 


AvutTHors’ CLOSURE 


The authors appreciate the comments by Messrs. Ashley, 
Paugh, and Vanderweil. 

Mr. Ashley states that his experience shows that the high co- 
efficient noted at low air velocities in Fig. 8 may be ‘‘accounted for 
by the fact that these are in streamline flow.’”? At 600 fpm the 
Reynolds number is approximately 3300, a value normally con- 
sidered to be in the critical region between viscous and turbulent 
flow. However, because of the doubt as to the proper value of 
D to use in calculating the Reynolds number for banks of finned 
tubes and because other independent data available to the 
authors showed a straight line for the data down to a velocity 
of 380 fpm, we were reluctant to interpret the data below 600 
fpm as being in the viscous region. It is quite possible that the 
data are in the transition region between viscous and turbulent 
flow at velocities of 300 to 500 fpm. 

In regard to Mr. Ashley’s second point, steam was always 
taken from a line at 125 psi gage and throttled directly to the 
unit. Since many of the tests were run at low pressures such as 
5, 25, and 50 lb per sq in. gage it was felt that this throttling 
gave adequate assurance of dry steam entering the unit at least 
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for the lower pressures. Concerning the uniformity of air ve- 
locities and the accuracy of the temperature measurements, vanes 
were present as shown in the sketches of this paper but which 
were not present on the preprint. Pitot-tube traverses made of 
the air stream leaving the unit were used to check the general 
accuracy of the heat balance. The thermometer was placed in 
several positions before selecting the one used. The outlet ther- 
mometer was always shielde#l to avoid errors due to radiation. 
The inlet thermometer was not shielded in the tests reported in 
the paper but a correction was made based on similar tests with 
and without a shielded inlet thermometer. 

Mr. Vanderweil asked about film coefficients. In the case of 
heating air with steam in series A and B, the steam film resist- 
ance is so low that the over-all coefficient is substantially equal 
to the air film coefficient. In such cases the over-all coefficient 
is used directly for design purposes without investigating the de- 
tail of the film coefficient. In other cases such as series E and F 
an understanding of the data requires that the over-all coefficient 
be broken down into the film coefficient for the two sides of the 
heat-transfer surface. It may be possible to vary these film co- 
efficients independently and so no general correlation is available 
for over-all coefficients but only for the film coefficients. The 
viscosity, velocity, and density of the flowing fluids were corre- 
lated with the film coefficient for the cases of oil and water in 
series and F. 
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Heat Transfer and Pressure Loss in Small 


Commercial Shell-and-Finned-Tube 
Heat Exchangers 


Preliminary results are submitted covering heat transfer 
and pressure loss for fluids flowing through the shells of 
small shell and finned-tube heat exchangers in crossflow. 
These results are compared to the calculated performance 
of similar exchangers with bare tubes, and the compari- 
sons noted. It is brought out that this type of exchanger 
can now be applied to duties where finned tubes heretofore 
have not been used, namely, where over-all heat-transfer 
rates for bare-tube service would be from about 25 to 250 
Btu/(hr)(sq ft)(deg F). It is also pointed out that this 
type unit is not suitable for many services. Actual field 
experiences are related. 


NOMENCLATURE 


The following nomenclature is used in the paper: 

A, = cross-sectional area for flow across tubes, sq ft 

c = specific heat of fluid at constant pressure and average 
temperature 

D, = inside diameter of shell, ft 

d, = outside diameter of tube, ft 
MTD correction factor for pass, from TH MA Standards 
(p. 20) 
G, = mass velocity through shell, lb/(hr)(sq ft) 
heat-transfer rate through metal wall of tube, Btu, (hr) 
(sq ft)(deg F) 
h, = film heat-transfer rate on shell side, Btu/(hr)(sq ft) (deg 


F) 

h,, = scale heat-transfer rate on shell side, Btu/(hr)(sq ft) 
(deg F) 

h, = film heat-transfer rate on tube side, Btu/(hr)(sq ft) 
(deg F) 

hia = scale heat-transfer rate on tube side, Btu/(hr)(sq ft) 
(deg F) 
(+) (2) 

J = dimensionless number ot, k 


K = pass correction factor, from TEMA Standards, p. 20 
k = thermal conductivity of fluid at average temperature, 
Btu/(hr)(sq ft)(deg F/ft) 


n = number of tubes in shell of heat exchanger 

R = pass correction factor, from TEMA Standards (p. 20) 
S = baffle spacing, ft 

U = over-all heat-transfer rate, Btu/(hr)(sq ft)(deg F) 
W = pounds fluid flowing through shell per hour 

uw = viscosity of fluid at average temperature, lb/(hr) (ft) 
Hw = viscosity of fluid at wall temperature, lb/(hr) (ft 


INTRODUCTION 
Several years ago a new type of finned tube, extruded from the 


1 Downingtown Iron Works, Inc. 

Contributed by the Heat Transfer Divison and presented at the 
Annual Meeting, New York, N. Y., Nov. 27-Dec. 1, 1944, of Tue 
AMERICAN SocieETy OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


By R. M. ARMSTRONG,'! DOWNINGTOWN, PA. 
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base metal itself and with low ratio of outside to inside surface 


became available for use in heat exchangers. It was decided to 
consider the application of this tube to shell-and-tube exchangers 
for crossflow and liquid-to-liquid service, since the compact 
nature of the tube made it possible to get about 3 times as much 
outside surface with the finned tube as with a bare tube, in a given 
shell diameter. No published data were available for heat trans- 
fer to baffled banks of finned tubes and experiments were begun 
to obtain such data. 

Some advantages and disadvantages were rather obvious from 
the examination of the tube, details of which are shown in Figs. 1 
and 2. These are as follows: 


Advantages: 


(a) Low ratio of outside to inside surface, about 3.5 to L. 
Most previous finned tubes for similar service had run from 7 or 
10 to 1. The low ratio makes possible the use of the tube for 
higher film heat-transfer rates. 

(b) Low metal resistance, due to very low fin height, absence 
of any metal-to-metal bond. The calculated metal-wall resist- 
ance for this type tube runs about 0.0004 for admiralty metal, 
compared to as much as 0.015 for steel, and 0.006 for admiralty 
in high-ratio tubes with a bond. 

(c) Mechanically the tube is stable and due to low outside 
diameter gives a large amount of surface per unit of volume. 
The tube is so built that it can be withdrawn from a bundle and 
otherwise handled the same as a bare tube. 

Disadvantages: 

(a) The most obvious and immediate disadvantage is the 
danger of fouling of the space between the fins, greatly reducing 
the outside area in contact with the fluid. 

(b) The fins are thin and subject to attack by corrosion if the 
fluid and metal used are not entirely suited to each other. Fortu- 
nately, several metal choices are available. 

(c) Many services are not suitable for finned-tube work under 
any circumstances, particularly high-efficiency operations like 
steam condensing where the compensating effect of finned surface 
is not needed and therefore is an unnecessary expense. 

One of the questions which immediately arises from a heat- 
transfer and pressure-loss standpoint is whether or not the finned 
surface gives results qualitatively the same as a bare tube, if 
coefficients are based on the outside finned area, as they are in 
this paper. Experiments on this score are still continuing and 
this paper reports only a small portion of the work done to date, 
but the following statements can be made at this time, and some 
preliminary data are shown to bear out the statements: 

1 The shell-side heat-transfer film coefficient, based on the 
outside finned area, is at the very least equal to the rate which 
would be obtained at a like Reynolds number with bare tube, at a 
Reynolds number of 300 or higher, using the nomenclature and 
units given in this paper. Fig. 5 shows experimental results 
from a set of tests on 8.5-centipose oil. At Reynolds numbers 
materially above 300 the experimental results are seen to be ma- 
terially higher than those predicted by bare-tube data. 
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2 The crossflow friction is undoubtedly greater for the finned 
tube than fora bare tube. Determination of the friction loss for 
finned-tube bundles has been run on a research project con- 
currently with bare-tube bundles. While finned tubes show 
greater losses, other features of bundle design are vastly more 
important in determining the over-all pressure loss, so that the 
effect of the finned surface alone does not represent more than a 
small percentage of the total. 


Test PrRocEDURE 


The heat-transfer data shown in Fig. 5 were developed in 
tests on a 5-in-shell-size unit with 6-ft-long finned tubes. 
This is a full-size standardized unit developed for finned-tube 
work. The tests reported here were run with an oil in the shell 
of about 8.5 centipoises average viscosity at the test conditions. 
The test unit is shown in Fig. 3. Baffle height was 3.68 in. 

The oil was pumped in a closed circuit, Fig. 4, through the 
exchanger and into a reservoir where it was heated. The water 
for cooling came in from the supply main and was discharged to 
the sewer after passing through the tubes. 

The quantities of oil and water were measured by calibrated 
orifices to which were attached 36-in. mercury manometers. The 
temperatures were measured at the points marked T in Fig. 4 
by the use of 1/; deg F thermometers with 15-in. scales. The 
pressure loss of oil flowing through the shell was measured using a 


36-in. mercury manometer with taps in the shell nozzles, as shown 
in Fig. 4. 

Unfortunately, it was found that the capacity of the system 
was considerably greater than had been anticipated, and as a 
result the water velocity going through the tubes was neces- 
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sarily slow as the water temperature was low and there was no 
available means of heating the water at that time. 

The over-all heat-transfer rate was calculated from the test 
results, based on total outside finned surface. The individual 
film rates were calculated from the curves given by the TEMA 
Standards (page 42). Then the metal-wall resistance and the 
water-film resistance were subtracted from the over-all meas- 
ured resistance, and the remainder was taken as the oil-side 
resistance. This method is somewhat conservative in one 
respect as it makes no allowance whatsoever for fouling, and 
the tests took up a sufficient period of time so that it is likely 
some fouling actually did occur. The method of figuring 
water-film resistance by the TEMA curves, however, we feel to 
be conservative on the other side, as we found a number of tests, 
not reported here, where the calculated water-film resistance 
alone was greater than the over-all resistance as measured. 
These were mostly at very low water-flow rates. 

In several instances we have noted that when cooling a fluid 
with water in the tubes at low velocity, obviously higher results 
are obtained than would be predicted by TEMA curves (page 42). 
Some of this is undoubtedly due to natural convection, as sug- 
gested by Dr. A. C. Mueller, and could perhaps be evaluated 
further by suggested methods.? However, from an entirely 
practical viewpoint there are also other factors, notably possi- 
bility of fouling, which would counteract this factor somewhat 
for the purposes for which these tests were made. 

The agreement of the heat balances was quite good throughout 
and since in all but two or three cases the water heat balance was 
the lower and in general considered the more reliable, it was used 
as a basis of figuring. 


Discussion OF REsuULTs oF TESTS 


The results shown in Fig. 5, as plotted with —— versus J are 


based on a diameter of tube taken on a weighted basis referred to 
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the outside area of fin across which the flow occurs. The outside 
diameter of the fin is 0.742 in., and the diameter at the base of the 
fin 0.638 in. The weighted outside diameter works out to be 
0.656 in., or somewhat below the mean of outside diameter and 
inside diameter. 

The area for flow on which G is based is determined by the 
formula 


2“The Effect of Free Convection on Viscous Heat Transfer in 
Horizontal Tubes,” by D. Q. Kern and D. F. Othmer, Trans. of 
American Institute of Chemical Engineers, vol. 39, 1943, pp. 517-555. 
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This is a modified form of the equation suggested by Bowman,? 
and the main difference is that the so-called leakage factor is 
eliminated. These data have been plotted both with and without 
the leakage factor and just as good agreement is obtained with- 
out the factor as with it. Since the area is much simpler to 
handle without the factor the modified form is used. 

It will be seen that the data fall well underneath the “Colburn 
curve” reported in Bowman’s paper, but they fall partly above 
and partly below a conservative line drawn through the lower 
area of experimental points on Bowman’s plot. 

Considerable plotting of experimental points on a plot of this 
type for both bare- and finned-tube data, using the modified 
form of G, will show that the line given falls in the lower area of 
the majority of points and for this reason the author considers 
it a fair comparison against which to consider the finned-tube 
data reported herewith. 

Evidence is shown that in the small shell unit with finned tub- 
ing, the flow is not entirely the same as in a larger unit. The 
shell-side fluid does not have time to straighten out into pure 
crossflow before it is again broken into eddy currents and turbu- 
lence. Asa result, we should expect the performance of the unit _ 
tested to be better than the performance of the same tube in a 
larger shell where the crossflow distance is materially larger. 
The relatively low performance at low Reynolds numbers indi-*® 
cates that basically the finned tube does not exert a 100 per cent 
quality of surface efficiency when compared to bare tube in pure 
crossflow. The lesser slope of the curve we feel indicates that 
when the flow is reversed at frequent intervals and a good deal 
of the flow is quite turbulent in nature, the performance is 
greater than would be predicted by normal bare-tube rating 
methods. 

Field experience with this type of unit has indicated that if 
the flow conditions are such that the Reynolds number always 
exceeds 300 on the shell side, calculated as indicated here, 
the performance of the exchanger can be conservatively cal- 
culated by holding to the bare-tube performance as shown on the 
curve. 

As further indication of field performance, in the Appendix are 
data and calculations resulting from a spot check on the perform- 
ance of a 16-in-shell-diam by 8-ft-tube-length compressed-air 
aftercooler which had been in operation about 6 months at the 
time of test. Unfortunately, this test was run with an extremely 
low water velocity in the tubes, only 0.287 fps. This was far 
below the design conditions and resulted in a very low over-all 
heat-transfer coefficient. However, the actual observed rate of 
15 Btu/(hr)(sq ft)(deg F) was slightly below the calculated per- 
formance for a bare °/s-in-OD, 18-gage, copper tube under the 
identical conditions, namely, 16.4 Btu/(hr)(sq ft)(deg F), and we 

should point out that in calculating the MTD, which is almost 
off the scale on the correction curves, the highest possible value 
was taken. As this was on the flat part of the curve, it could 
easily be as much as 25 per cent on the conservative side. This 
amount would be reflected by an increased actual rate on the test 
unit, and in this case the actual rate would be greater than the 
calculated rate for the bare tube. 

To give an idea of how this works out in practice Example 1 is 
given in which the film coefficients are the same on the bare tube 


+a “Investigation of Heat Transfer Rates on the External Surface of 
‘Baffled Tube Banks,”’ by R. A. Bowman, A.S.M.E., Miscellaneous 
Papers, 1934. 


n 
S dD, d, 
ey 
Be: 
wee 


678 


EXAMPLE 1 


mize 


Ratio outside to 


Shell-side-film rate. 


Tube-side-film rate......... 
Fouling, both sides......... 


Basic Data 
Bare tubes 
$/s-in. X 18-gage 
admiralty 
1.19 


EFFECT OF RATIO OF OUTSIDE TO INSIDE AREAS 
OF TUBES 


Finned tubes 
§/«-in. nominal, 16 fins 
per in., admiralty 


CALCULATION OF Heat-TRANBFER RATE 


Resistance, shell film............ 


Resistance, shell fouling. . 


Metal-wall resistance....... 


Resistance, tube fouling. . 


Resistance, tube film........ 


Total resistance. 
Over-all heat- transfer rate. 


0.02000 
0.00100 
0.00119 

0.00298 
0.02519 
39.7 


0.02000 
0.00100 
0.00040 
0.00350 
0.00875 


0.03365 


29.7 


as on the finned tube, showing the effect of the ratio of outside to 


inside areas. 

While the bare-tube coefficient is '/; greater than that of the 
finned tube, the amount of surface on the finned tube is roughly 3 
times as great, resulting in a net gain of volume inside the ex- 
changer of about 2 to 1. As an example, in the case cited, if the 
same size shell is used then the length of the finned-tube unit 
will be roughly one half the length of the bare-tube unit. If the 
baffle pitch must be substantially the same on both, then the 
pressure loss in the finned unit, while somewhat higher per 
baffle, will likely be less over-all since fewer baffles would be 
required, 

The finned unit works out most advantageously when the in- 
gide coefficient is fairly high, and at least 2 or 3 times as great as 
the outside coefficient. 


COMPARISON OF RESULTS IN PRACTICE 


To gain some impression of how the heat-transfer rates compare 
in practice, refer to Fig. 6 which shows a plot of test results on 
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Fic. 6 Comparison or O1L-Fitm Heat-Transrer Rares, Bare 
Versus FINNED TUBES 
(Curve 1: Calculated rate for §/s-in-OD bare tube in conventional shell- 
and-tube exchanger. 
Curve 2: Test results for 5-in. shell unit 19 finned tubes, 5'/:-in. baffle 


spacing; effective tube length 6 ft; baffle height 3.68 in.) 

the 5-in. exchanger against calculated bare-tube results for the 
same conditions. This shows that at relatively low flow rates 
the finned tube has a lower shell-side heat-transfer rate, while 
when the flow exceeds what is about 1 fps, the rate catches the 
bare tube and begins to pull away. From a practical viewpoint 
it is desirable to have at least a velocity of 1 fps to keep the 
surface swept clean and also to get a high enough film factor so 
that the unit as a whole is economical. We feel therefore that 
the policy of rating the finned-tube unit with an outside film 
coefficient equal to that used for the bare tube, with velocities 
of at least 1 fps, is conservative and so it has worked out in 
practice. 
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PressurE Loss iN SHELL SIDE 


To pass on to the subject of pressure loss in the shell side, we 
report here the results of a series of tests on small heat exchangers 
with both finned and bare tubes. We can say that the results of 
these tests on small units agree rather well with a much more 
extensive set of tests on units of larger size and widely varying 
description as to tube size, pitch, baffle spacing, ete. 

At the outset we can state briefly that it seems rather obvious 
that one of the main factors in determining the pressure loss of a 
fluid through a baffled shell is the relation of the actual flow 
area to the by-pass or clearance area. The clearance area is the 
summation of cracks between tube and baffle and between the 
baffle and the shell. On close baffle pitches with normal toler- 
ances, as recommended by the TEMA and the WPB, the amount 
of crack area may easily almost equal the normal flow area. In 
such cases our tests have shown that the pressuze loss calculated 
without regard to by-pass area may be as much as 800 per cent 
high when the equipment is new and the effect of fouling has not 
come into play. There are several methods now in use to com- 
pensate for the effect of this by-pass area. None of these 
methods, however, can be any more accurate than the shop 
tolerances and in general we find variations from one exchanger 
to another are enough to upset seriously any exact method of 
compensating for by-pass area. Also we can state definitely that 
the relation of the baffle (segment-cut) flow to crossflow may 
have a serious effect on the over-all friction loss. This effect is 
so much greater than the surface effect of the finned tube that 
while the finned tube does have a greater friction loss, it is only 
a small part of the over-all drop in most cases. The shell 
inside diameter of the experimental unit was 5.047 in., baffle 
outside diameter was exactly 5 in., and baffle holes were */e 
in. 

The tests, Figs, 7, 8, 9, 10, 11, show actual pressure-loss 
measurements taken with water and with oil flowing through the 
shells of the heat exchangers tested. The manometer taps were 
located in the nozzles of the exchangers tested at an average 
distance of about 3 in. from the shell. 

The effect of baffle height is clearly shown in Fig. 7. On curves 
1 and 3 the number of baffles in the shell was almost the same, 
namely, ll and 12. The tube length was 2 ft greater on 3 than 
on 1, or 33 per cent. Yet, by merely cutting the baffle height 
from 3.68 in. to 3.25 in. the friction loss was reduced in the face 
of the greater length. We cannot account for the slight variation 
in slope, although we do find from time to time that there will be 
some such minor differences in test results. 

The effect of viscosity on pressure loss is indicated in Figs. 8 
and 9, first showing that the lines, while at slightly different slope 
with higher viscosities, in general follow the same pattern. Fig. 9 
shows the effect of viscosity taken at one flow rate. The test 
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points are in remarkably close agreement and we feel that the 
effect of viscosity on the particular exchanger tested is definitely 
greater than the effect on a larger unit of bare-tube design. The 
segment flow of oil passing along the tube perpendicular to the 
fins, introduces a considerable drag that would not be found in a 
bare-tube unit and it is possible that this effect increases with the 
viscosity. 

Figs. 10 and 11 are given to show the trend in pressure-loss 
measurements on 8-in. and 10-in. units and to indicate that in 
general the same slope applies. The results shown were all 
taken on new and clean units. 

From a practical standpoint we can state that finned-type 
shell-and-tube heat exchangers of this type have been in commer- 
cial use for the following purposes: 


Cooling quench oil. 

Cooling lubricating oil on Diesel engines. 
Cooling circulating oil on hydraulic presses. 
Cooling of air and compressed gases. 
Cooling and condensation of organic vapors. 
Condensation and subcooling of propane. 
Vaporization of organic solvents. 

Cooling of jacket water on Diesel engines. 


To date, the performance of the finned tube in the services 
listed has been satisfactory when designed in accordance with the 
recommended procedure mentioned before. 

As an example of field conditions, a metal-quench-bath oil 
cooler which had been in operation about 6 months on a con- 
tinuous system, with oil temperatures varying from 50 F to 200 F, 
was taken apart and cleaned. Sludge had formed between the 
fins on the major portion of the bundle, but the edges of the fins 
were quite visible. On the baffles and tie rods the sludge had 
bridged over completely, indicating that the finned surface does 
not offer a firm footing for the sludge. The oil was about 0.9 
specific gravity and 100 SSU at 100 F. The fouled performance 
was about 33 per cent of clean performance. The bundle was 
removed, sludge cleaned off by pouring solvent over the bundle, 
then a water hose stream removed most of the foreign material. 
The bundle was blown clean with compressed air and reinstalled, 
all in a period of approximately 2 hr. When reconnected the 
cooler gave approximately new performance. 

Quenching-oil duty is relatively dirty and, in our opinion, about 
as dirty an application as should be considered for this type of 
finned surface. 


CONCLUSION 


The availability of a new low-ratio (3.5 to 1) finned tube of 
extruded manufacture opens a new field of application for liquid- 
to-liquid heat transfer for finned tubing. 

Preliminary experimental results indicate that the surface is 
active at all points and that the heat-transfer rate from the 
fluid to the outside of the finned tube is in general somewhat 
better than that to the bare tube. It is felt that a conserva- 
tive practice is to base designs on film-heat-transfer rates used 
for bare tubes for like service, using a minimum Reynolds num- 
ber of 300. 

The resistance to pressure loss is somewhat greater than the 
corresponding loss to a bare-tube bundle of the same dimensions, 
but other factors of design are very much more important in de- 
termining the pressure loss in a given unit. 

Commercial heat exchangers incorporating finned tubes of the 
type described, are in service on several types of duty. Field ex- 
perience with these has been satisfactory. 

It is recommended that in the interest of furthering the appli- 
cation of finned tubes to industrial heat transfer, extreme care 
be applied in choosing the type to be used. Finned tubes of 
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Basic Data 
Externa Jsurface, sq ft.................. 
Temp 


dr 


deg F 


p oil 


TABLE 1 
Tem 
leaving, 
deg F 


peci 


entering, 
deg F 


Oil specific gravity, at 150 F............ 
Temp oil 


Crossflow area between baffles, sq 
Baffle pitch, in. center to center......... 


Internal surface, sq ft....... 
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low ratio and close fin spacing should not be used where the foul- 
ing is severe, or where the fluid is definitely corrosive to the tube 
metal available. There are a number of applications where the 
finned tube is not mathematically desirable, principally where 
the film rate on the finned side is equal to or greater than the film 
rate on the plain side. 


Appendix 
Tables 1, 2, and 3 make up the Appendix. 


TABLE 2 CALCULATIONS FOR HEAT-TRANSFER CURVE, 


DG: versus ey” 


Baste Data 


c = specific heat, taken at 0.49 (from TEMA Standards) 
D = tube diameter 0.0547 ft 
Ga = shell-side mass velocity, lb/(hr)(sq ft). Leakage factor omitted 
k = thermal conductivity, taken at 0.074 Btu/ (hr) (sq ft) (deg F/ft) (from 
TEMA Standards) 
= viscosity at average body temperature, lb/ (hr) (ft) 


TABULATED Data 


he 
a k hs cGs J 

157200 18.4 468 24.5 71.95 0.000932 0.0228 
194000 19.85 535 25.8 7.5 0.000815 0.0210 
90500 19.6 253 25.6 33.1 0.000748 0.0192 
83500 20.5 22% 26.5 31.3 0.000765 0.0203 
83500 21.2 216 27.1 29.35 0.000716 0.0194 
78600 20.1 214 26.1 29.20 0.000758 0.0198 
77500 20.7 205 26.6 28.25 0.000745 0.0198 
77500 20.9 203 26.7 26.50 0.000698 0.01865 
140000 20.2 379 26.2 §2.1 0.000760 0.01990 
145500 20.3 393 26.25 55.30 0.000775 0.0204 
142800 22.4 348 28 51.3 0.000735 0.0206 
242300 20.1 660 26.1 100.0 0.000838 0.0219 
248000 21.0 645 26.8 98.0 0. 000806 0.0216 
248000 24.6 551 29.8 87.7 0.000723 0.0216 


h 2 
J = dimensionless number 
cGs k 


TABLE 3) PERFORMANCE DATA AND CALCULATIONS FOR 16- 
8-FT-TUBE-LENGTH FINNED-TUBE AIR AFTER- 
COOLER; AIR IN SHELL, WATER IN TUBES 


Basic Data 


Number of tubes.... 154 
Length of tubes, ft 8 
Outside surface, sq ft 616 
Inside surface, sq ft 176 | 
Arrangement. ; Air-single pass 
Water-two pass 
Baffle pitch, in.. 10 
Area for crossflow over tubes, sq ft 0.443 
Water quantity, gpm. 15.0 
Water temperature: 
Entering, deg F...... . 40 
Leaving, deg F...... 82 
Air quantity, lb per hr 9000 
Air temperature: 
Entering, deg F. . 210 
Leaving, deg F....... * 64 


CALCULATIONS 


Greater temperature difference Lesser temperature difference 


210 64 
82 40 
128 24 


Uncorrected MTD. 62 deg F 
To correct MTD refer to ps ass-correction plot (TEMA Standards, p. 20) 


q 42 9 
K = 170 0.247 
146 
= —— = 3.4 
R 7 


F is on flat of curve. The most conservative estimate gives F as a maximum 
value of 0.55 

Corrected MTD = 62 X 0.55 = 34.1 deg F 

Heat load = 15 X 500 & 42 = 315,000 Btu per hr 

315,000 


Heat-transfer rate = = 15.0 Btu/(hr) (sq ft) (deg F) 


34.1 616 
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Discussion 


R. G. VANDERWEIL.‘ It seetns quite encouraging that this 
paper gives the designing engineer a chance to compare test data 
with actual data taken on commercial heat-transfer equipment. 
As to the use of finned and unfinned surfaces, the writer would 
like to complement the author’s statements with the following: 

It seems that the only criterion not only in selecting between 
finned or unfinned tubes, but also in selecting the fin spacing, 
thickness, and the width of the fin, is the ratio of the two film 
coefficients f;/fo. 

In this connection, the writer would like to know if tests have 
been carried out with one fin arrangement only, or by any chance 
a second set of tubes with fins of less thickness and pitch but of 
the same width has been tested? Finally, it would be interesting 
to know how the over-all heat output of exchangers compares if 
shells of the same over-all dimensions are used and provided with 
prime surface in one case and with finned tubes in another. 


AUTHOR’s CLOSURE 


It should be emphasized that the tests were made on equip- 
ment of commercial scale and may not entirely agree with tests 
on single tubes or tests made under conditions which might be 
different from commercial practice. 

It is suggested by Mr. London that there may be a break in 
the curve in Fig. 5 resulting in a change of slope, at the point 
where there may be a change-over from viscous flow to turbulent 
flow. The available data are found to be so scattered, however, 
that there is no clear-cut line, and frankly at this time we feel 
that the accuracy of the test data reported so far in the litera- 
ture would not allow that much refinement. 

The tests reported cover only one type of finned tube. This 
type is the only type tested and was chosen for a combination of 
mechanical and thermal reasons. It is a question of using an 
available tube which has desirable features mechanically and 
which for a number of uses is also suitable thermally. To cover 
a wide range of applications different ratios can be employed, 
but testing these goes beyond the scope of this paper. 

Mr. Donahue suggests that the data be plotted using the 
Nusselt method rather than Dr. Colburn’s method which has 
been used. This may well give a better agreement and it is 
regretted that the time to do this has not been available. 

The tests were made using comparatively clean city water, 
which is not thought to have had much tendency toward fouling 
in the time the tests were run. The orifices were calibrated by 
separate calibration runs during which the fluid discharged was 
actually weighed. 

The question has been raised whether the type of finned tube 
used has given difficulty from cutting tube walls at the baffle or 
tube support due to vibration. So far in normal crossflow service 
we have seen no evidence of this—certainly no greater tendency 
on the part of this tube than on a bare tube. Most duties have 
been with close baffle pitches where the tendency toward extreme 
vibration is considerably curbed. 

Again it must be stressed that this report is preliminary in 
nature and is only a first indication of what may be expected 
from shell-and-finned-tube exchangers of this type. A number 
of these are in commercial service and so far have proved satis- 
factory. 


‘ Office of Consulting Engineer, Chase Brass & Copper Company, 
Waterbury, Conn. 
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The purpose of this paper is to provide data on the 
serrated (segmented) type of finned surface; also to show 
the ease of fabrication and the flexibility of sizes, i.e., 
the ability to alter the ratio of secondary to prime surface 
without difficulty. 


HE: individual serrated-finned surface under discussion is 
fie from relatively thin flat metal strip. As the finned 

surface is wound around the tube, each individual fin takes 
the shape, roughly, of the letter L. The foot of the L is the 
shoulder of the fin and is used to secure a bond between the fin 
and the tube wall. The thickness, width, and length of the fin 
may vary to suit the need, but the general appearance and 
method of manufacture remain the same. The shoulder, or base, 
of the finned surface is continuous and is wound around the tube 
in a helical manner. The individual fins, being perpendicular to 
the shoulder, are caused by this winding operation to stand out 
from the tube in much the same manner as spokes from the hub 
of a wheel. Each individual fin is given a slight twist so that its 
flat surfaces do not follow the helical wind but lie in planes 
parallel to all other fins and perpendicular to the axis of the tube. 
These details are indicated in Fig. 1. 

With the serrated form of tube surface, no material is removed 
in forming the fins. The total width of all the fins in one row will 
therefore substantially equal the circumference of the tube. The 
fin height times the circumference of the tube, doubled to cover 
the area of both sides of the fin, plus the area of the fin edges, will 
substantially total the area of one row of fins. Where the same 
fin length is used, larger- or smaller-diameter tubes will have a sur- 
face area directly in proportion to the diameter of the tube. 
Changing the number of rows of fins per inch of tube or using 
longer or shorter fins will give a wide range of ratios of secondary 
to prime surface. 

It is not the purpose of this paper to go into a lengthy diseus- 
sion of the relative value of individual serrated surface compared 
with other surface designs. Considerable work has been done by 
others, among them the interesting paper by Norris and Spof- 
ford.? Evidence has frequently been presented that the design of 
extended surface greatly influences its over-all heat transfer per 
square foot of surface and per foot of tube length. Extensive 
laboratory tests* were made to establish the performance data for 
the surface under discussion. An all-copper tube, solder-bonded, 
was used, having a °/s-in. tube, 1'/2 in. diam over the fins, 7 
rows of fins per inch. The results, together with a description of 
the test apparatus and procedure, follow. 

! Extended Surface, Inc. 

2 “High-Performance Fins for Heat Transfer,” by R. H. Norris and 
W. A. Spofford, Trans. A.S.M.E., vol. 64, July, 1942, pp. 489-495. 

3 These tests were made in the laboratory of The Pennsylvania 
State College under the personal supervision of H.A. Everett and 
F.C. Stewart, and the results presented in a private report from which 
the data herewith are abstracted. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 27-Dec. 1, 1944, of Tue 
AMERICAN Society or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those of 
the Society. 
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Deraits or Test Setup 


The construction details of the test setup should be carefully 
noted, Figs. 2 and 3. They were selected to give the nearest 
approach to basic data and take into consideration the fact that 
units of this sort are sensitive to installation details, such as 
rounded versus sharp edges, and forced versus induced con- 
vection. Air was drawn through the test section, thence through 
the calibrated bellmouth orifice, by which the quantity of air 
was measured, then through an exhauster fan which was operated 
at various speeds. Air temperatures were taken by thermocouples 
ahead and behind the heater section, all shielded by aluminum 
foil to minimize radiation errors. The flow of air was measured 
at the bellmouth orifice by a pitot tube. 

Three assembly units were tested. The first was a single row of 
15 vertical tubes, each 2 ft long, assembled on 1'/;-in. centers. 
The gross duct area was practically 4 sq ft (2 ft x 2 ft) where 
occupied by the coil. The second assembly consisted of two rows, 
each identical to the single-row section, but placed with the 
second row slightly offset so that the center line of the rear row 
of tubes was at the mid-point of the front row (known as staggered 
arrangement). The third test assembly consisted of three rows 
of tubes, all identical, and also assembled in a staggered arrange- 
ment. 

Table 1 gives the important dimensions of the units tested. 


TABLE 1 UNIT DIMENSIONS 


Unit 1 Unit 2 Unit 3 

Tube inside diameter, in. 0.575 0.575 0.575 
Tube outside diameter, in. 0.652 0.652 0.652 
Outside diameter extended surfac e, in.. 1.5 1.5 1.5 
Thickness extended perme in. — 0.010 0.010 0.010 
No. of fins per inch.. vere 7 
Number of tubes per row. 15 15 
Air-side area, sq ft per ft tube. Wine<enws 1.245 1.245 1.245 
Air-side area of unit, sq ft. . cae aac. ae 74.8 112.2 
Steam-side area of unit, s ee 4.51 9.02 13.53 
Ratio air-side to steam-side area...... 8.29 8.29 8.29 
-face area,sqft............ 3.9 3.9 3.9 

et area between tubes, sq ft.. 2.03 2.03 2.03 
Length of tubes, 2 2 2 


Three sets of curves represent the results of these tests. Only 
the over-all coefficient of heat transfer and pressure-drop‘ 
curves are shown here, Figs. 4 and 5. Equations for the heat- 
transfer curves are as follows: 


Row (1) U = 0.165 G®-533 
Rows (2) U'= 0.143 G®-542 
Rows (3) U = 0.0838 


U = Btu per hr per sq ft total air-side area per deg F, L.T.D. 
G = bb air per hr per sq ft net or free area 


ConDUCTING THE TESTS 


As the test runs were being conducted, a check was made from 
time to time of the heat balance between the air-temperature rise 
and the steam condensed. As this balance was found to be in 
accord, within reasonable test limits, the tests were recorded and 

‘ The schematic drawing of the test layout, Fig. 3, shows an ordi- 
nary slant gage as the device for determining the pressure drop through 
the test sections. However, to insure utmost accuracy, a manometer 


calibrated in thousandths of an inch was used to determine the exact 
pressure drop as shown on the curves. 
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checked using the air-temperature rise to calculate the total 
Btu transfer. Special care was taken to limit heat losses so that 
the heat taken up by the air would equal the heat given up by the 
steam, 

Reference to the schematic drawing of the test apparatus, 
Fig. 3, will show five thermocouples, connected in series, ahead of 
the test section to measure the temperature of the incoming air. 
Behind the test section are nine thermocouples, connected in 
three series of three each, to measure leaving-air temperature. 
There is an air-mixing and straightening chamber about 4 ft 
long immediately behind the test section, at the discharge end 
of which was placed the nine thermocouples. Checking one series 
of thermocouples against another, on the discharge side, indi- 
cated an even temperature distribution at this point. 

Attention is called to the fact that but one-, two-, and three- 
row assemblies were tested. The primary objective of these tests 
was to ascertain the heat-transfer characteristics and pressure- 
drop characteristics of the surface design. The results of these 
tests therefore are not directly comparable with tests of multi- 
ple-row assemblies. 


Meruop oF MANUFACTURE 


To build the individual serrated-finned-surface tube, a simple 
but complete machine designed solely for this purpose is used. 
The bare tube is fed into the side of the machine and reels of fin 
stock are fed from the rear. The turning and forward progression 
of the tube, the serrating and bending of the fin stock, the wind- 
ing of the fin stock on the tube, are all accomplished simultane- 
ously and synchronized. The use of wider or narrower fin stock 
will result in longer or shorter fins, but the fabricating operation 
remains the same. Also, by winding the fins at a greater or lesser 
number of turns per inch the ratio of prime to secondary surface 
‘an be altered at will. 

Securing the fins to the tube is accomplished in one of two 
ways. Either the tube, as it passes through the winding opera- 
tion, now progresses through a fluxing and soldering bath, or the 
shoulder of the fins is welded to the tube by continuous electric- 
resistance welding simultaneously with the winding operation. 
All nonferrous metals can be easily bonded by the soldering 
method. Capillary attraction causes the solder to flow under the 
shoulder of the fin creating a metallic bond with an area far 
greater than the cross-sectional area of the fin itself. Most metals 
can be readily resistance-welded by known techniques and some 
of the more difficult’ metals to weld, including aluminum and 
copper, are now being welded, and commercially acceptable 
welding techniques are being developed. The joining of metals 
by welding, as it applies to extended-surface tubes, opens a new 
field for this product. Subzero temperatures, as well as very high 
temperatures, can be handled without thought to bond rupture or 
disintegration. This development of the resistance-welding 
method of securing a bond is a substantial improvement over 
metallic or mechanical bonds. 

For the handling of corrosive fluids or gases on either side of 
the tube, bimetal extended-surface tubes can be fabricated by the 
welding method to the great advantage of the coil designer. 
Combinations of bimetal tubes using steel, copper, monel metal, 
cupronickel, admiralty metal, ete., can be fabricated. © In this 
manner the most durable and satisfactory metal surface, either 
inside or on the outside of the tube, can be presented to the 
destructive action of many commonly handled materials, such as 
hot oil, ammonia, acid or alkaline solutions, many corrosive 
gases, etc. Fin materials would be the same as the outside sur- 
face of the tube thereby presenting a corrosion-resistant surface 
with a welded bond. The structure of the bond would be such 
that durability and full flow ef heat through this important point 
could be expected. 
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SpeciAL APPLICATIONS 


Distinct and apart from the foregoing tests has been the appli- 
cation of individual serrated-finned surface in tube-within-tube 
heat exchangers. In this application the V-shaped openings be- 
tween the individual fins form a definitely controllable and com- 
putable free opening in direction of flow. Full test data on the 
performance of this surface in such applications is not presently 
available. While the surface arrangements are not directly com- 
parable, the paper by Gunter and Shaw® shows the value of many 

5 “Heat Transfer, Pressure Drop, and Fouling Rates of Liquids for 


Continuous and Noncontinuous Longitudinal Fins,’’ by A. Y. Gunter 
and W. A. Shaw, Trans. A.S.M.E., vol. 64, 1942, pp. 795-802. 


shot surfaces, instead of long continuous-surface arrangements, 
in drection of flow. Of similar character is the application of ex- 
tendd-surface tubes in standard shell-and-tube heat exchangers. 
Thei definite worth is being demonstrated in many installations; 
howeer, their comparatively recent widespread use is handi- 
capped by the lack of generally acceptable data except for specific 
appliations. 

Inévidual segmented-finned surface, because of its high heat- 
transkr coefficient, is economical to use. If higher values of U 
are oltained per square foot of outside surface, it is axiomatic 
that eonomy of surface, and therefore economy of metal used, 
will result. For full commercial realization of this economy of de- 
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sign, it is necessary that it be coupled to economy of manufactur. 
Rapid automatic single-purpose machines, building the tube in 
one operation, complete the team of engineering and technologial 
progress. Individual segmented-finned surface which can be 
made with a wide range of fin lengths, with a wide range of fin 
spacings per inch and wound on any size of tube, is therefore an 
extended-surface tube, the design of which gives use and mmu- 
facturing economy. 


Discussion 


R. G. VANDERWEIL.® Is it possible to apply successfully the 
soldering and welding equipment mentioned to narrowly syaced 
fins, say '/;. in. spacing, of a height of 1 to 2in.? Another ques- 
tion arises in connection with the application of the flux We 
have found that the flux applied between fin and tube will actumu- 


* Office of Consulting Engineer, Chase Brass & Copper Conpany, 
Waterbury, Conn. 
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late at certain spots in the joint and thus decrease the effective- 
ness of the bond. This is particularly true for fins of small spac- 
ing and where no openings were provided to accommodate the 
exit of the flux from the joint. 


AuTHOR’s CLOSURE 


In reply to the questions by Mr. Vanderweil, the fabrication 
of narrowly spaced fins, both solder-bonded and welded, has been 
done experimentally. However, there is a practical difficulty; 
the foot of the fin strip must be strong enough to stand the stress 
of fabrication and is usually not less than 7/s in. wide. There- 
fore, the building of tubes of more than 8 rows of fins per inch 
necessitates a partial overlapping of the fin shoulder. This over- 
lapping brings up new problents and the fabrication of very nar- 
rowly spaced fins has not been done in normal production. The 
height of the fin is of no consequence. 

It has been the practice to use an aqueous mixture of ammo- 
mium chloride and zine chloride, together with a wetting agent, in 
mild solution as a flux. This is jetted on the tube after the wind- 
ing operation, and thoroughly wets all exterior surfaces. The 
surface between the tube wall and the fin shoulder is wetted by 
capillary attraction. The molten solder, applied immediately 
after and in like manner, apparently flushes off all acid residue 
No evidence of acid inclusion has yet been found. 
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Disk Extended Surfaces for High 


Heat-Absorption Rates 


Four types of disk-on-tube extended-surface heat ex- 
changers are discussed in this paper, i.e., interlocking cast- 
iron sections of nine disks each; die-cast aluminum-alloy 
disks each with shroud and hub; two surfaces die-pressed 
from wrought-iron sheet, each with a flue; and one a six- 
teen-pronged star. Data for both the cast-iron and 
aluminum surfaces were obtained from tests of full-sized 
economizers in conjunction with boiler tests, while data 
on the wrought-iron disks were obtained from laboratory 
studies. Details are given of the testing procedure, and 
the results in terms of effectiveness of the various surfaces 
are analyzed and correlated. 


HE advantages of using extended surfaces in commercial- 

sized heat exchangers have long been generally recognized. 

Convenient proportions, greater compactness, fewer pres- 
sure joints, ease of arranging counterflow of the heat-exchanging 
fluids, and ease of achieving equal flows in the parallel circuits 
being traversed are the principal advantages realized. A requi- 
site of commercial heat exchangers, unless their use is to be re- 
stricted to clean fluids, is provision for cleaning the heat-exchang- 
ing surfaces with ease and speed. A type of extended surface 
having these features is the disk-on-tube, four varieties of which 
are illustrated in Figs. 1 to 3, inclusive. 


Types or Heat-ABSORBING SURFACES 


The first variety, Fig. 1, consists of interlocking cast-iron sec- 
tions of nine disks each, shrunk onto steel tubes. Sand molds are 
used in the casting process. The internal surface, which is to be 
in contact with the tube, is broached to a diameter slightly less 
than that of the tube; the joint faces are finished on semiauto- 
matic machines. The external surface requires neither machining 
nor finishing. The contact between tube and cast-iron section, 
after the latter is shrunk on, has a thermal resistance of the order 
of 0.002 deg F hr/Btu per ft length of finned tube. This value 
includes the resistance of the hub metal. 

This form of extended surface has been most frequently applied 
to superheaters and economizers for stationary and marine 
boilers, waste-heat boilers, and oil heaters. Another interesting 
application is to gas coolers for chemical processes where the re- 
sistance of cast iron to highly corrosive gases is utilized. For 
example, cast-iron surface is advantageously used in the sulphur- 
dioxide coolers required after the initial sulphur-burning step of 
the contact process of making sulphuric acid. Here the primary 
function of the heat exchanger is to cool the reactant mixture of 
gases to the temperature required for the next step; the conserva- 
tion of useful heat is a valuable secondary function. 

The second type, Fig. 2, consists of individually die-cast 
aluminum-alloy disks, each having a shroud and hub. The 


1 Research Physicist, Foster Wheeler Corporation. 

2 Engineer, Foster Wheeler Corporation. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 27-Dec. 1, 1944, of Tur 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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accuracy of the casting and the condition of its surface are such 
as to require no machining. In assembly a hydraulic ram is used 
to force each disk, the internal diameter of which is less than the 
outer diameter of the tube, onto the tube and against the pre- 
ceding disk. As may be seen from the assembly figure, the tip 
of the shroud of the preceding disk is encased in a groove in the 
leading end (gill) of the disk being put in place. At the same 
time, the steel hoop ring is forced onto the hub underneath the 
shroud. Tubes of particularly close tolerance are used in order to 
insure good contact between hub and tube. 

Under service conditions the hoop ring and tube expand less 
than the aluminum hub, on account of the lower coefficient of 
thermal expansion of steel. The function of the hoop ring is to 
hold the aluminum hub in good thermal contact with the tube. 
The thermal resistance of this contact, including the metal of the 
hub, is approximately 0.002 deg F hr/Btu per ft length of finned 
tube. This value represents a mean of extensive tests wherein 
test elements | ft long and comprising 22 disks are heated in a 9 
kw electric furnace. The element is in effect the heating surface 
of a natural-circulation boiler, and the heat absorbed is obtained 
from the measured electric power as well as from the steam pro- 
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duced. The temperature of the disks, hubs, and tube are meas- 
ured with thermocouples. 

The aluminum disk was developed for application to econo- 
mizers of marine boilers where space and weight are of primary 
importance. Its use obviously is not limited to this applica- 
tion. A limit to the maximum, feasible, heat-absorption rate does 
exist, however, as the tips of the disks,must be kept below’ the 
softening temperature (approximately 1000 F). By means of 
the theoretical formulas of Schmidt (1),3 which relate the tem- 
perature drop, fin tip to base, to the heat-absorption rate, the 
theoretically safe maximum rate of heat absorption can be ex- 
pressed as a function of tube temperature. In actual service a 
heat-absorption rate of 43,000 Btu/hr per ft length of 2-in. tube 
has been reached with a tube temperature of 480 F, without im- 
pairment of the tips of the disks. 

The third and fourth surfaces are formed from wrought-iron 
sheet by a series of die-press operations. The resulting shape is 
a disk with a flue. In one case portions of the disk are cut out by 
stamping, leaving a sixteen-pronged “star.’”” Wrought iron is 
used because of its thermal conductivity and ductility. These 
disks are then attached to the tube by seam-welding the flues to 
the tubes by means of automatic welding machines. Fusion be- 
tween the metal of the flue and that of the tube takes place over 
approximately 50 per cent of the flue width. The thermal resist- 
ance of the flue, including the weld, is found to be less than 0.002 
deg F hr/Btu per ft length of finned tube. These disks are used 
in economizers where weight and space are at a premium. 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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TakING Test Data 


The data for both the cast-iron and aluminum surfaces were 
obtained from tests of full-sized economizers in conjunction with 
tests of the boilers proper. The flue-gas temperature ranged be- 
tween 1150 F maximum at the inlet and 200 F minimum at the 
outlet; the inlet feedwater temperature ranged between 150 F 
minimum and 410 F maximum. In the aluminum-ring-econo- 
mizer tests the fuel was oil, while for the cast iron several types of 
coal are included, as well as oil. 

It is recognized that the accuracy of some of the data is not of a 
high order. True average gas temperatures are difficult to meas- 
ure on large-scale equipment, particularly at the inlets of econo- 
mizers placed close to the boiler outlet, where little mixing of the 
gas has taken place. Radiation losses from thermocouples also 
add to the difficulty. Hence a selection from the data obtained 
over a period of several years was made, using the heat balance 
as a criterion in judging the accuracy of the temperature measured 
with thermocouples. Only tests in which the feedwater flow, the 
fuel-consumption rate, the fuel analysis, and the flue-gas analysis 
were accurately determined are included. 

The data presented on the wrought-iron disks were obtained 
by laboratory tests of air heaters, wherein room air passing over 
the fins was heated by steam condensing inside the tubes. Finned 
elements 1 ft long were arranged in staggered rows, four elements 
in each of the five rows, on 41/,-in. equilateral centers. Dummy 
half-elements were used at each end of alternate rows in order to 
effect the same flow pattern around the end elements as obtained 
about the middle ones. The tubes were vertical in order to 


bee 
5 
GS NZZZSS 
GF 
os 
— 
| 
= 
; 


insure free drainage of the condensate. The temperature of the 
air was measured by means of thermometers in regions where the 
air was well mixed. Standard orifices were used to meter the air. 
The heat absorbed by the air was in good agreement with the heat 
given up by the steam, as calculated from the measured quantity 
of condensate, steam pressure and temperature, and condensate 
temperature. 

The results of the laboratory tests have been compared with 
tests on economizers used to cool the flue gas from boilers with the 
feedwater, and substantial agreement was found. The data 
from the laboratory tests are presented in preference to those 
from full-sized economizers for two reasons: 


1 Absence of soot. 


2 Small variation of thermal properties of the air over the 
small temperature range obtaining. 


As a matter of interest results of a test of unflued disks 4*/, in. 
diam and '/j. in. thick, silver-soldered to 2-in. tubes, have been 
included. Five staggered rows, each of three tubes 1 ft long, 
comprised the air heater. The tubes were on 5!/,-in. centers. 

From the over-all coefficients of heat transfer from the gas to 
the water U’, the corresponding coefficient of heat transfer from 
gas to fin surface h, was computed by means of the relation 
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HEAT TRANSFER COEFFICIENTS 
FROM 


1/h = 1/U’ (S; S)=R 


Here =F is the sum of the following thermal resistances: 


Fluid 
inside tube to inner tube wall; the rust layer on this surface; the 
tube wall itself; contact between tube and flue, or hub; flue or 
hub; disk. No allowance for soot deposits on the fin and flue 
surface was made in the case of the full-sized economizers, be- 
cause of the arbitrary assumptions that would be involved. 

In calculating the resistance of the inner fluid, also that of the 


tube wall, the ample data of various investigators (2) were 
utilized. The resistance of the rust deposit was calculated from 
its measured thickness on the assumption that the deposit was 
porous and therefore the thermal conductivity was equal to 
that of the water filling the pores. 

The method of measuring the thermal resistance of the contact 
between tubes and aluminum hub, together with that of the hub, 
in the electric furnace has been described previously. This 
method was applied to the shrunk-on cast-iron elements and to 
the wrought-iron disks having their flues welded to the tubes. 
In the latter case a more rapid test by electrical means was also 
employed, wherein a current of 200 amp was passed into the pe- 
riphery of one disk, and the voltage drops along the flue and across 
to tube were explored by means of a probe and a precision milli- 
voltmeter. The electrical resistivity of the flue material was 
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measured, using specimens machined to accurate dimensions, and 
the thermal conductivity was deduced approximately by means 
of data available in the literature (3). 

The average value of the ratio, length of path to cross-sec- 
tional area of path, was calculated from the electrical resistance 
and resistivity. The shape factor so obtained, when divided by 
the thermal conductivity, gave the thermal resistance. How- 
ever, before comparing with the results of the first method 
(measured temperatures and heat-absorption rate), an allowance 
had to be made for the heat absorbed by the flue direct from the 
gas. When this was done the results of the two methods were 
found to be comparable. 

Probably a more satisfactory electrical method, except from 
the standpoint of routine tests of full-sized elements, would be to 
surround a disk and flue with mercury, thus providing an anode 
analogous to the gas from which heat is transferred in the thermal 
case. In this manner the resistance from anode to the tube, or 
including it, could be obtained from the measured current, voltage 
drop, and resistivity of the fin material. If the flue were cut 
away the resistance of the disk alone could be obtained; thus the 
adequacy of the theoretical treatment of variously shaped disks 
could be checked. 

Values of the thermal resistance of the disks were calculated 
by means of theoretical formulas derived by Harper and Brown 
(4). A graphical representation of disk resistance and effective- 
ness, based on the foregoing theoretical analysis, is shown in 
Fig. 5. Here h is the heat-transfer coefficient from gas to fin 
surface, U that from gas to base of disk, and is 


Qkptp V D,/V Dz (D2 — Ds)? 


M/hand M/U are dimensionless. The derivation is discussed in 
the Appendix. 

In the case of a disk and shroud, e.g., Fig. 2, we have in effect 
two fins of unequal dimensions in parallel. If we assume that 
the values of the coefficients of heat transfer from gas to fin sur- 
face are the same for both disk and shroud, the respective heat 
flows are 

Q: = ehS, X temperature drop from gas to hub 
Q. = EhS: X temperature drop from gas to hub 
Defining U and U’ by the relation 


Q; + Q. = U(S; + S:) X temperature drop gas to hub 
U’(S; + S2) X temperature drop gas to water 


1 
we obtain —(R,+R,+R, +R, (Si + S:) = 
1 S, + 


~ h eS, + ESs 


Treating the shroud as a strip, receiving heat on one side only, its 
effectiveness e, was calculated from the well-known hyperbolic- 
tangent formula, and the disk effectiveness Z was read from Fig. 
5; so a plot of 

1 S, +8: 


1 


was prepared. From this subsidiary graph values of h, corre- 
sponding to test values of U’, were easily computed. 


CORRELATION OF TEsT Data 


The values of h calculated in the manner described were in- 
corporated into the dimensionless group (h/cG)(cu/k)*/*, and 
plotted against Reynolds number DG/y, as shown in Fig. 4. 
Here the mass flow of the gas G is that through the minimum area 
available. The equivalent diameter D, used in Re is that of a 
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cylinder having the same projected area as the finned tube. It 
was chosen somewhat arbitrarily. The particular grouping of 
the heat-transfer factors used here is preferred because the 
diameter, the choice of which is to be substantiated, appears only 
in the abscissa. 

Values of U were plotted in the same manner, as shown in the 
lower plot of Fig. 4. In Table 1 the various resistances, the 


TABLE 1 RESISTANCES, DIMENSIONS, AND THERMAL 
CONDUCTIVITIES OF VARIOUS SURFACES 


33/s-In. 43/4-In. 

Surface Castiron Aluminum wroughtiron wrought iron Star 
Di 0.208 0.225 0.134 0.167 0.134 
Ds 0.387 0.417 0.282 0.396 0.292 

0.275 0.282 0.158 0.201 0.158 
Ss 3.10 4.50 3.29 6.50 2.16 
dy 0.139 0.139 0.100 0.146 0.100 
dz 0.167 0.167 0.125 0.167 0.150 
Rr 0.0023 0.0035 0 0 0 
Rr 0.0030 0.0045 0.0039 0.0046 0.0026 
Re 0060 0.0090 0.0061 0.0070 0.0040 
kP 29 87 36 36 36 
kr 29 29 9 29 
tr 0.0207 0.0117 0.0052 0.0052 0.0052 


sum of which was subtracted from the over-all resistance in ob- 
taining U, are listed together with pertinent dimensions and 
thermal conductivities. U was chosen in preference to the over- 
all heat-transfer coefficient U’, in order to show the characteristic 
performance of the various disks unencumbered by the particular 
resistances which are imposed by the inner fluid and its conduit 
and which have no general relation to the convective process 
occurring at the external surface. 

The temperature at which the thermal properties of the gas 
were evaluated was the arithmetic average of the gas and fin 
temperatures at inlet and outlet. The viscosity and thermal con- 
ductivity of the flue gas were assumed to be the same as those of 
air. The specific heat was calculated from the known composi- 
tion of the gas, using current values of specific heats derived 
from spectroscopic data (5). 

It will be noted in Fig. 4 that the surface heat-transfer co- 
efficients h of the cast-iron and alummum disks are fairly con- 
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sistent, and that they are approximately represented by curve 
B-B. This curve, which is drawn for purpose of comparison, 
represents a rough average of the results obtained by Pierson (6) 
for banks of Staggered bare tubes. Curve A-A, also shown for 
comparison, represents average values for single bare tubes (7). 
The scattering of the points is attributable to experimental in- 
accuracy, due chiefly to nonuniform temperature distribution in 
the gas stream to and from large-scale apparatus, and to the dep- 
osition of soot on the fin surface. The rate and character of the 
soot deposits are believed to depend on the nature of the ash in 
the fuel, the concentration of solid carbonaceous matter in the 
gas, the gas temperature, and its velocity. The tendency of the 
points to converge to a single curve at the higher flows is con- 
sidered to have a basis in reality; for it is a common observation 
that much less soot is blown free by the soot blowers at the end of 
tests at high gas flows than at the end of tests of the same duration 
at low rates of flow. 

A notable feature of the surface heat-transfer group in the case 
of the solid wrought-iron disks, lines C-C and D-D in Fig. 4, is its 
independence of Reynolds number over the range covered in the 
tests. Any alternate choice of mean of disk and tube diameter 
would merely displace the points to right or left, parallel to the 
axis of the abscissa, while leaving their ordinates unchanged. 
Obviously, the ordinates of the points represented by C-C and 
D-D require a factor in order to merge with one or the other ex- 
tremity of B-B, after suitable modification of the abscissa as well. 

In the case of the star disks, disposition of the disk surface in 
the form of prongs apparently increases the turbulence in the 
bank of finned tubes to such a degree that the heat-transfer 
group, line E-E, is increased by 50 per cent. The heat absorbed 
per unit length of finned tube is nearly the same for the star disks 
with segments cut out as for the solid disk of the same diameter. 

The effect is similar to that found by Norris and Spofford (8) 
for strip fins. If their method of correlation is applied to the 
prongs of the star disks, using 0.56 in. as the average perimeter 
of a prong, the test points form a nearly horizontal line. The 
middle of this line is approximately the point of intersection with 
the sloping line representing their results. An alternate pro- 
cedure is to divide the perimeter of the prongs by z, and seek a 
way of averaging this and the tube diameter. In view of the 
complex nature of the flow, however, probably no such simple 
parameter would suffice. 

Two undoubtedly important factors are tube spacing and fin 
spacing. The data presented here are too meager to warrant any 
conclusions. However, the persistence of eddies from one row to 
the next and their penetration of the passageway between adja- 
cent fins are undoubtedly involved. A possible basis for extend- 
ing the correlation to cover further data may be: 


1 Incorporation of the square root of the ratio, fin-passageway 
width to height, into the heat-transfer group. 

2 Use of some implicit function of tube diameter and pitch, 
together with fin spacing and height, such as hydraulic diameter, 
in the expression for Reynolds number. 

3 Use of the ratio of tube pitch to diameter as a separate 
explicit parameter. 


The first two are suggested by the results of Ellerbrock and 
Biermann (9) on single-finned cylinders. 

No account has been taken of the variation of h locally over 
the surface of a disk. In the case of single-finned cylinders, con- 
siderable variation was found by Biermann and Pinkel (10). If 
the thermal resistance of a disk is appreciably affected by this 
variation, as well as the average value of h, allowance for this 
might change the slope of lines C-C and D-D. 


Appendix 


NOMENCLATURE 
The following nomenclature is used in this paper. 


Rp = resistance of fin, (deg F)(hr)/Btu 
R, = resistance, fluid inside tube to inner tube wall, (deg F) 
(hr) /Btu 
Rp = resistance of rust on inner tube wall, (deg F)(hr)/Btu 
Rr = resistance of tube wall, (deg F) (hr) /Btu 
R, = resistance of contact and hub of disk, (deg F)(hr)/Btu 
h; = heat-transfer coefficient, fluid inside tube to inner tube 
wall, Btu/(hr)(sq ft)(deg F) 
h = coefficient of heat transfer, gas to fin surface, Btu/(hr) 
(sq ft)(deg F) 2 
U = heat-transfer coefficient, gas to base of disk, Btu/(hr) 
(sq ft) (deg F) 
U’ = over-all heat-transfer coefficient, gas to fluid inside tube, 
Btu/(hr) (sq ft)(deg F) 
S, = surface of flue per foot length of tube, sq ft per ft 
S; = surface of disk per foot length of tube, sq ft per ft 
S=8S,+S, 
E = effectiveness of fin 
e = effectiveness of flue 
kp = thermal conductivity of disk metal, Btu/(hr) (ft) (deg F) 
ky = thermal conductivity of tube metal, Btu/(hr) (ft) (deg F) 
kg = thermal conductivity of gas, Btu/(hr) (ft) (deg F) 
u = viscosity of gas, lb/(hr) (ft) 
c = specific heat of gas at constant pressure 
G = mass flow of gas, lb/(hr) (sq ft) 
W = weight flow of fluid per tube, lb/hr 
D = equivalent diameter of surface, ft 
D, = inner diameter of disk, ft 
Dz = outer diameter of disk, ft 
d, = inner diameter of tube, ft 
d, = outer diameter of tube, ft 
t; = thickness of fin at D,, ft 
tg = thickness of fin at De, ft 
tp = mean fin thickness, ft 


THERMAL RESISTANCE OF Disk FINs 


The heat balance for a differential element of volume of a disk, 
neglecting temperature gradients in all directions except the 
radial, is for steady flow 


2 
d = 4/1 + 
dr dr 


Here @ is the temperature difference between gas and the surface 
of the disk at radius r, z is the thickness at radius r, k is the ther- 
mal conductivity of the disk material, and h the surface coefficient 
of convective heat transfer. 

If the disk is tapered, and its thickness varies with radius ac- 
cording to 


2m 
| 
Equation [1] assumes the form 
dz? 


where 
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Use of the mean value of the radical in Equation [1] is justifiable 
where — is small compared to =. 


The solution of Equation [3] is 


where A and B are integration constants to be determined from 
the boundary conditions 


6=6,whenz = 7, = 1 ) 


= = Owhenz = x 


dé 
- 2rzyr,k = 27rU0, (<) dr 


when z = 2 


>... (6) 


Here / are modified Bessel functions of first 


and second kind, respectively, and order - i —, 
m+1 

The case m = 0 has been treated by Harper and Brown (4), 
and Schmidt (1), who used Hankel’s notation for the Bessel func- 
tions. The case m = !/: was treated by Carrier and Anderson 
(11) without identification of the series obtained as solutions, 

In the case m = 0, i.e., a disk of constant thickness, the disk 
effectiveness EZ, is found to be (in the notation employed here) 

U 2 Ki (4) Ki (Ar) 


E=-—«= 
h (x22 — To(Ax2) Ko(A) + Ki (Axe) 


(7} 


Ten-place tables of the J and K functions of integral order are 
given by Gray and Mathews (12). By means of these the num- 
erator in Equation [7] can be calculated with precision more than 
ample for our purpose. 

A graphical representation of Equation [7] in a form fre- 
quently convenient is shown in Fig. 5. Use of the parameter 


ni)? Nr. D)? ND, 


effects « merger of the individual curves at large values of the 
abscissa M/h, to a degree of accuracy exceeding that required for 
most purposes. This parameter M involves the dimensions of 
the disk and the thermal conductivity of its material. Values of 
the ordinate were obtained from Equation [7] and the relation 
M M 1—-EM 


U hk E h 


Lines of constant disk effectiveness EF were drawn by plotting 
1 — E M ° . 
Eh as ordinate, assigning decimal values successively to EZ. 
As r, becomes very large, while (rz — r;) remains small in com- 
parison, the influence of curvature diminishes, and as a limit we 
approach the strip fin of height (rz — r;). The equation of the 
curve denoted by D,/D, = 1 in Fig. 5 is easily derived from the 
usual hyperbolic-tangent formula for effectiveness, together with 


Equation [8], yielding 
h M 


M 
V M/h 


U 
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The chart may be used directly in calculating the unit resistance 


of a disk when A, k, and the dimensions are specified. 


When U instead of h is specified, a subsidiary plot’ with M/U as 
abscissa is more convenient, and is easily constructed. Correc- 
tion for the heat flow into the edge of the disk may be made 
approximately by adding one half the disk thickness to (rs — 1), 
following the procedure of Harper and Brown. 

In the case of a disk having a parabolic profile, m = 1 in 
Equation [4], the Bessel functions of Equation [5] are of order '/3 
and reduce to hyperbolic functions, yielding 


6 = A cosh (Ax?/2) + B sinh (Ax*/2)....... . [10] 
and 
U _ 2tanh — 1)/2} 


(a4? — 1) 


after determination of A and B by means of the boundary condi- 
tions Equations [6]. By assigning to M the value 


M = (: + *') 
(re — + 29)? 


the curve labeled D,/D, = 1 may be used for the parabolic disk. 
Correction for the temperature gradients other than radial 
was treated by Harper and Brown and shown to be small in 
ordinary cases. In the case examined in detail by them M/h had 
the value 0.2967, and the correction to effectiveness 0.6 per cent. 


M 43h 
The corresponding correction to be added to (¢ _— 4 ) amounts 


to 1 per cent. 

No account was taken of the local variation of h over the disk 
surface. An influence as great as that due to curvature and shape 
would be anticipated. 
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Heat-Flux Pattern in Fin Tubes 
Under Radiation 


By A. R. MUMFORD! ano E. M. POWELL,” NEW YORK, N. Y. 


In this paper data are presented showing heat-flux pat- 
terns as indicated by temperature-drop curves from field 
measurements and from an electrical analogy in the labo- 
ratory. Data of this kind may become of some impor- 
tance if the use of tube-surface temperatures in furnace- 
testing technique is successfully developed. 


indicate the heat-flux variation around the circumference of 

a tube have appeared in technical publications. Although 
this method is fascinating and gives promise of producing data 
which will aid in a more complete understanding of what is 
going on in the furnace and at the walls, it is apparent that the 
variations caused by slag deposits in coal-fired furnaces are of 
such magnitude that many more data than are at present availa- 
ble will be required before we can say with assurance that this 
condition or that condition represents the normal at a given 
location and rating. 

Fig. 1 shows a plan section through a furnace having a slag- 
ging bottom and fired tangentially with pulverized coal. The 
furnace walls are made up of finned tubes, one of which, as indi- 
cated, was selected for the measurement of surface temperatures. 
A section of the finned tubes used in the construction of the walls 
of this furnace is shown in Fig. |. Thermocouples were installed 
at several points around the circumference of the tube at an ele- 
vation of approximately 13 ft from the floor of the furnace. The 
method of installing the thermocouples for measuring the sur- 
face temperatures of tubes has been described by C. G. R. Hum- 
phreys.* When couples were installed on the back of the tubes in 
& position not exposed to furnace gases or ash, the temperatures 
indicated were within a degree or two of the saturation tem- 
perature corresponding to the boiler pressure. It is therefore 
probable that this method of surface-temperature measurement 
provides a means which can be expected to be accurate within 
0.5 per cent of the indicated temperature. 

Fig. 2 gives a number of curves showing the difference be- 
tween the tube-surface temperature and the saturation tem- 
perature around the exposed semicireumference of that tube at 
intervals after the unit was lit-off. Curve a represents the con- 
dition shortly after lighting-off when the load was less than '/, 
normal. Only a small amount of coal had been burned up to 
that time, and it is probable that the tube surface was clean and 
exposed. The temperature elevation varies about 50 F with the 
peak to the right of the normal to the wall. Fourteen hours 
later the boiler was operating at about 90 per cent of normal 
and no lancing had been done. Some ash had accumulated on the 


' Research and Development Department, Combustion Engi- 
neering Company, Inc. Fellow A.S.M.E. 

* Engineering Department, Combustion Engineering Company, 
Inc. 
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G indinte examples of the use of surface temperatures to 


Thermocouples for Furnace-Tube-Surface Temperature Meas- 
urements,” by C. G. R. Humphreys, Combustion, vol. 16, 1944, 
pp. 53-55. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 27—Dee. 1, 1944, of Tur 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Norp: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 
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surface because the surface temperature of the metal had dropped 
as shown on curve ), in spite of the fact that the rate of heat re- 
lease in the furnace had doubled. It may be significant that the 
greater drop in surface temperature occurred in the right quad- 
rant of the tube. At least, from an examination of the geome- 
try of the furnace, noting the direction of the fuel stream and the 
point of highest heat intensity, this quadrant is the point at 
which we would expect ash to deposit. 

Curve c represents the conditions about 6 days after the boiler 
was lit. The load was normal but apparently a fairly uniform 
coating of ash had accumulated which reduced the rate of heat 
transfer to such a point that the surface temperature of the tube 
was only 60-70 F above saturation. 

Curve d represents conditions a week after the unit was lit-off, 


| 
| 
| 
| 


Puan Section THrRovuGH PuLVERIZED-CoAL-FirED FURNACE 


with only routine lancing and with a load of about 90 per cent of 
normal, This curve is of particular interest because of the small 
variation around the circumference. The evidence of these ob- 
servations would indicate that the normal temperatures would 
be higher in the right quadrant. 

Six days later, or 13 days after lighting-off, the conditions are 
represented by curve e. These surface temperatures are the 
lowest observations at full load and indicate the existence of a 
heavy coating of slag with more heat being transmitted through 
the right quadrant. This curve represents the condition im- 
mediately preceding a thorough lancing of the walls. 

Curve f represents conditions immediately after the wall had 
been lanced. The largest temperature drop, and probably the 
largest rate of heat transfer, exists in the right-hand quadrant 
The comparatively low drop which is shown at 30 deg from the 
face of the wall in the left-hand quadrant is probably due to the 
continued adherence of some insulating slag in this region. 


Periop PrRecEDING AND LANCING oF FURNACE 
WALL 


A more detailed examination of the period immediately pre- 
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ceding and following the lancing of the wall is shown in Fig. 3. 
The wall in the region of this particular tube was lanced between 
11 a.m. and 11:20 a.m. and the changes in heat transfer are 
indicated by the temperature differences. At 10:10 a.m. be- 
fore lancing, the average temperature difference was 50 I, being 
somewhat lower in the left quadrant. At 11 a.m. at the start 
of lancing, the temperature difference through the tube wall on a 
normal to the plane of the furnace wall increased to 230 F with 
lesser increases at other points. If the rate of heat transfer is 
taken as proportional to the temperature drop, then the rate at 
the front face of the tube immediately after lancing is 4.7 times 
that before lancing. At 11:04 a.m. what is indicated as the 
cleanest condition was reached, and this was practically un- 
changed at 11:20 a.m. when the lancing had been completed. 
At noon, 2 p.m., and 4 p.m., the rate of accumulation of the 
insulating layer of ash is indicated by a decreasing temperature 
difference. A better appreciation of the changes taking place 
will be realized by noting the location of this tube in Fig. 1 with 
relation to the approaching coal stream and the zone of highest 
heat intensity off the right quadrant and the lance coming from 
the left. 

In Figs. 2 and 3 zero of the temperature scale is at the tube 
surface. The elevation within the furnace at which these tem- 
peratures were taken is in the zone of high heat release and slag 
deposits and therefore, although these temperatures are not 
representative of the entire furnace, they do serve as a good in- 
dication of the variations which can take place in the zone of in- 
tense heat transfer during operation. Conclusive study of the 
heat-flux pattern in a finned tube would require the collection of 
field data, not only over a long period in a coal-fired furnace, but 
over many areas of the furnace in which insulating layers of slag 
are or are not deposited. 

In Fig. 4 are plotted several curves which show the tempera- 
ture differences which existed at various times on the circumfer- 
ence of the tube and at the extremity of one fin. The tempera- 
ture scale is the same as used in Figs. 2 and 3. The variations 
of surface temperature are most pronounced at the tip of the 
fin and on the tube wall adjacent to the fin. Except for the gen- 
eral rise after 11:30 a.m., the variations in the right quadrant 
were comparatively small, but in the left quadrant were so great 
that the most feasible explanation is the dropping off of a fairly 
dense layer of slag. The method of presentation does not 
take into consideration the fact that the metal thickness be- 
tween the measuring point and the internal fluid is greater by 1 in. 
for the fin-temperature point. If it were certain that the entire 
fin had been exposed, a heat flux proportional to the tempera- 
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ture drop per inch of metal could have been assumed, but with 
the available data there was no assurance of this, consequently 
no attempt at correction was made. 

Obviously, the variations occurring in this zone of the furnace 
preclude any short-time study of heat-flux patterns by field meas- 
urements in a coal-fired furnace. The opinion should be em- 
phasized that the conditions shown in Figs. 2, 3, and 4 are not 
representative of the entire furnace, but only of the flowing- 
slag zone of a slagging-bottom pulverized-coal furnace. The 
condition at other furnace-wall areas is known to be less variable. 
Evidence of the variation to be expected in different areas of 
the furnace has been given by H. Kreisinger and R. C. Patterson.‘ 
The variable conditions in the slag zone, however, will set the 
requirements for the testing period because the slag zone is about 
10 per cent of the furnace area. 


LABORATORY Strupy or Heat-F Lux PaTrrerns 


The laboratory approach to the problem of heat-flux pattern in 
finned tubes under radiation permits a determination of tempera- 
ture drops by analogy and therefore the determination of heat- 
flux patterns without the interference of ash deposits. Fig. 5 
shows a test setup used for the purpose of studying flux patterns 
with particular emphasis on the flow of heat from the base of the 
fin through the tube wall. On a sheet of high-resistance alloy 


Fie. 5 or APPARATUS FOR PRODUCING VOLTAGE Drops 
ACROSS SIMULATED FINNED-TUBE WALL 


cut in the shape of a section of a finned tube, a number of radial 
and circumferential lines were machine-scribed. Electric cur- 
rents were passed through the sheet in such values that were 
comparable to the heat flow by radiation. By taking voltage 
drop, amperes, and electrical conductivity as equivalent to tem- 
perature drop, quantity of heat per unit of time, and thermal 
conductivity, respectively, temperature drops could be com- 
puted from the electrical measurements. Voltage drops were 
measured at the intersections of the scribed lines and the analo- 
gous temperatures computed. 

Fig. 6 shows the calculated temperature distribution at the 
base of a fin '/, in. X 1 in. long on a 4-in. X 0.380-in. tube, and 
Fig. 7 shows the distribution at the base of a fin !/, in. X 17/,. in. 
long on the same tube. In each case the current flow was ad- 
justed te be equivalent to a uniform rate of heat transmission 
for the tube and fin of approximately 50,000 Btu per hr per sq ft. 
The electrical resistance between the inner face of the tube and 
the inside contact plate was uniform and corresponded to a 
thermal conductivity of approximately 3500 Btu per hr per sq 
ft per deg F temperature difference. Other sources have indi- 
cated this to be somewhat low. 

The distribution of heat-flux density imposed in the form of 


‘“Heat Transfer of Water-Cooled Furnace Walls,”’ by H. Kreis- 
inger and R. C. Patterson, Trans. A.S.M.E., vol. 66, 1944. Bound 
at back of volume in pamphlet entitled ‘Furnace Performance Fac- 
tors,”’ pp. 71-78. 
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current flow was uniform on the circumferential part of the 
tube and the weld of the fin. The heat picked up by the fin was 
represented by current flow from the end of the fin only. An 
examination of the two figures makes it quite apparent that the 
only marked difference in temperature drop occurs in the region 
of the fin, and the greatest temperature drops occur with the 
largest fin. The influence of the fin and the heat it picks up is to 
change the direction of heat flow from radial to a combination of 
radial and circumferential. The isotherms, instead of being 
circumferential, dip radially more and more as the circumferen- 
tial distance increases at or near the fin. Back of the fin, in the 
region where no heat is being added to the tube, the heat flow 
extends almost 45 deg but the magnitude is very small after 
about 15 deg have been passed. The fanning out of the lines 
of flow of the heat, i.e., normal to the isotherms, is clearly indi- 
cated by the movement of the peak of the temperature-differ- 
ence curves from the line of the fin forward toward the exposure. 
This forward shift reaches a maximum at the inner face of the 
tube. 

For the experiments uniform radial absorption has been as- 
sumed around the semicircumference of the tube. This is seldom 
realized in actual practice, the rate usually being less near the 
base of the fin. This factor would tend to reduce the heat con- 
centration ahead of the base of the fin and the temperature differ- 
ence calculated at that point. 

The use of tube-surface-temperature measurements in furnace 
technique has been discussed elsewhere. It does not seem out 
of place, however, to indicate that under conditions of parallel 
radiation at any degree of incidence, a fin tube will have greater 
exposure than one of a group of tangent tubes because of their 
spacing, and at some angles the area of the fin will be very im- 
portant in fixing the heat-flux pattern through the tube because of 
its proportion to the total. 
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Heat Transfer and Pressure Drop of Liquids 
in Double-Pipe Fin-Tube Exchangers 


By B. DE LORENZO! ann E. D. ANDERSON,* ELYRIA, OHIO 


This paper presents data on the fin side of standard 
commercial-size longitudinally finned double-pipe ex- 
changers. Three fin-tube sizes were investigated in heat- 
ing and cooling for both heat transfer and pressure drop. 
The data indicate that the transition between laminar 
and turbulent flow begins at R < 400 for both heat transfer 
and pressure drop, corroborating results reported by 
previous investigators. Methods of evaluating heat- 
transfer coefficients and pressure drop for liquids inside 
tubes are applicable for liquids in the fin side of finned 
double-pipe exchangers. For values of R up to 4000 
(approximately), recommended curves for fin-side heat 
transfer give higher coefficients than the values obtained, 
by the procedure outlined by the Tubular Exchanger 
Manufacturers Association for liquids flowing in tubes. 
A method is presented for determining the weighted 
average temperature of the outside surface of the fin tube 
to be used in evaluating y, in the viscosity gradient correc- 
tion 


NOMENCLATURE 
The following nomenclature is used in this paper: 


A = (Ay + A,) = total fin-side surface area, sq ft 
A, = net free cross-sectional area for flow on fin side, 
sq ft 
Ay = surface area of fins only, sq ft 
A, = inside surface area of tube, sq ft 
A, = outside surface area of tube only, sq ft 
= height of fin (see Fig. 2e), ft 
ce = specific heat of fluid, Btu/(lb)(deg F) 
= 4A,/p) = equivalent hydraulic diameter of fin side, 
ft 
inside fin-tube diameter, in. 
friction factor in Fanning equation, dimensionless 
mass velocity of fluid, Ib/(sq ft) (br) 
acceleration due to gravity = 4.17 10* ft/(hr) (hr) 
reciprocal of fouling resistance (see Fig. 4), Btu/ 
(hr) (sq ft) (deg F) 
hy and hy, = fin-side film coefficient based on A, clean and fouled, 
respectively, Btu/(hr)(sq ft)(deg F) 
hp and hy, = fin-side film coefficient referred to A,, corrected for 
weighted fin effectiveness, clean and fouled, respec- 
tively, (see Fig. 4), Btu/(hr)(sq ft) (deg F) 
h, = tube-side film coefficient, based on A; clean, Btu/ 
(hr) (sq ft)(deg F) 
h, = reciprocal of tube-wall resistance, Buu/(hr)(sq ft) 


a 
ad 


(deg F) 
h “0.14 
(*) = Colburn’s (1)* heat transfer 


' Manager, Heat Transfer Department, Brown Fintube Company. 

* Design Engineer, Brown Fintube Company. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 27-Dec. 1, 1944, of Tue 
AMERICAN Society or MecuanicaL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


factor modified by Sieder and Tate’s (2) viscosity 
correction, dimensionless 
kand ky = thermal conductivity of fin-side fluid and of fin 
material, respectively, Btu/(hr)(sq ft)(deg I'/ft) 
L = length of fin section (see Fig. 2), ft 
L, = total equivalent length of fin side (see Fig. 6), ft 
= total quantity of heat transferred, Btu per hr 
Ap = pressure drop of fin-side fluid, psf 
= DeG/u = Reynolds number, dimensivniess 
= average temperature of fin-side fluid, deg F 
T = average temperature of fluid inside tubex, deg F 
7, = average temperature of tube wall, (see Equation 
(7}), deg F 
7. = weighted average temperature of fin surface and 
tube-wall surface, defined by Equation [8], deg F 
U, = over-all heat-transfer coefficient (clean), based on 
A,, Btu/(hbr) (sq ft) (deg F log MTD) 
V = linear velocity of fin-side fluid (at A,), fpb 
V’ = linear velocity of water inside fin tube, (see Equa- 
tion [2]), fps 
56 = fin thickness (see Fig. 2), ft 
n = effectiveness factor of fin surface only (see Fig. 4), 
dimensionless 
total weighted effectiveness of fin and tube surface, 
(see Fig. 4), dimensionless 
uw = viscosity of fin-side fluid, evaluated at ¢, lb/(ft) (br) 
My = viscosity of fin-side fluid, evaluated at |b/(ft) (hr) 
¥ = total wetted perimeter of fin side (fins plus outside 
of tube, plus inner surface of shell pipe), ft 
p = density of fin-side fluid evaluated at t, lb per eu ft 
@ = viscosity ratio = and for pres- 
sure drop in laminar and turbulent flow, respec- 
tively (see Fig. 6), dimensionless 
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INTRODUCTION 


Double-pipe heat exchangers, having longitudinal! fins attached 
to the outside of the inner pipe, have come into more and more 
general use in recent years as the advantages of this type of ex- 
changer have become better known. The most frequently used 
form of the double-pipe exchanger is the “hairpin” section. This 
design permits easy connection of the number of sections re- 
quired to perform the desired heat-transfer duty into a compact 
bank. 

Generally speaking, the best application of the longitudinally 
finned double-pipe hairpin exchanger is in transferring heat be- 
tween two fluids having unequal heat-transfer characteristics; 
the fluid having the higher rate of heat transfer flows through the 
innermost tube, and the fluid with the lower heat-transfer rate 
flows through the space between the two tubes, i.e., the fin, or 
shell side. Fig. 1 illustrates a typical installation of this type of 
exchanger. The bank consists of 20 hairpin sections arranged 5 
in paralle] by 4 in series. This unit is used for cooling gasoline. 
Water, used as the cooling medium, passes through the inner 
tube, the gasoline flows through the fin side. 

Longitudinally finned double-pipe hairpin exchangers have 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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also been used extensively, and to great advantage, in transferring 
heat between two fluids having similar heat-transfer character- 
istics. In these cases the tube-side fluid generally flows at high 
velocity, utilizing the maximum allowable pressure drop, so as to 
secure the best coefficient possible, while the fin-side fluid may 
flow at moderate velocities. Also, in effecting transfers between 
fluids having unequal transfer characteristics, it is entirely 
feasible to pass the fluid having the lower heat-transfer properties 
through the center tube (in cases where the characteristics of the 
fluid makes this desirable) by using removable turbulence pro- 
motors on the inside of the tube. These turbulence promotors 
increase the tube-side heat-transfer coefficient at the expense of a 
higher pressure drop (8). 

Since the ratio of the total outside fin surface A to the inside 
tube surface A; is generally 5 to 1 and greater, the fin-side 
coefficient may be considerably lower than the tube-side coeffi- 
cient, yet, when the factor of relative surface area is introduced, 
the fin-side coefficient, corrected for the weighted fin effective- 
ness, may amount to a higher value than the value secured on the 
tube side. 

The primary purpose of this paper is to make available to 
engineers practical proved methods for evaluating the film heat- 
transfer coefficients and pressure drops of liquids flowing in the 
fin side of standard commercial-size longitudinally finned double- 
pipe heat exchangers. With the exception of the excellent 
pioneer paper by Gunter and Shaw (4), design data on double- 
pipe fin-tube exchangers are nonexistent. To provide these data 
a series of tests was made on standard hairpin exchangers manu- 
factured by the authors’ company. 

It is not the intention of this paper to present a theoretical 
analysis of the data reported; nor to make comparisons with ex- 
tended-surface-heat-transfer- and pressure-drop data reported by 
other investigators. It is, rather, the object of this paper to pre- 
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sent the results obtained clearly and concisely for not only ex- 
perienced design engineers but also for operating personnel. 


Test APPARATUS AND PROCEDURE 


The test apparatus consisted of three standard double-pipe 
hairpin heat exchangers of the type described, and shown in Fig. 2 
(a). One exchanger was used as a heater and two as coolers, see 
Fig. 3. The entire equipment including the heater, both coolers, 
and all connecting piping was covered with 1-in-thick standard 
insulation to minimize heat loss. 

Tests were run on exchangers using three different fin tubes (see 
Table 1), shown in Fig. 2(b), (c), and (d). Each hairpin consisted 
of two identical standard Brown resistance-welded fin tubes, 
taken at random from production runs and haying 24, 28, and 36 
longitudinal low-carbon-steel fins, '/2 in. high X 0.035 in. thick 
and 20 ft long, integrally bonded by overlapping spot welds, Fig. 
2 (e). The fin channels were evenly spaced around the perime- 
ter of 1'/;-in. I.P.S. standard-weight seamless steel tubing. 
These fin tubes were welded to 180-deg steel return bends thus 
forming hairpins having a total 40-ft of fin length. The shells of 
the double-pipe heat exchangers consisted of two 3-in. I.P.S. 
standard-weight steel pipes welded to a housing which encloses 
the 180-deg return bend of the finned hairpin. 

Table 1 gives areas, surface ratios, and other physical data of 
the three different fin-tube hairpins tested. 

The fluids used in the tests were 8.A.E. 40 and 50 lube oils and 
43 deg API kerosene. These fluids, in all cases, were circulated 
through the finned or shell side of the exchanger. Saturated 
steam, at pressures ranging from 10 to 100 psig, was used as the 
heating medium inside the fin tubes of the heater. City water 
flowing through the fin tubes countercurrent to the flow of the 
oil on the fin side was used as the cooling medium in the coolers. 
Flow rates, of both lube oils and water, were measured with 
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PHYSICAL DATA OF FIN-TUBE HAIRPIN SECTIONS 
TESTED (SEE FIG. 2) 


TABLE 1 


Net free area fin side, Ac, sq ft................ 0.0285 0.0280 0.0275 
Hydraulic diameter, De, ft.................... 0.0346 0.0308 0.0251 
Ratios: 
Fin length L 
Hydraulic diameter, De................00- 578 650 797 
Fin surface only 0.800 0.824 0.858 
Total fin-tube external surface, A 
Tube external surface Atvcscessvcces 0.200 0.176 0.142 
Total fin-tube external surface, A 
Total fin-tube external surface, A 
Fin-tube internal surface Ai... re 5.93 6.72 8.30 
Total fin-side surface per hairpin eoetion, sq ft 101 114 141 


calibrated displacement-type flowmeters. No flowmeter was 
used to measure the kerosene, as the kerosene flow rates exceeded 
the capacity of the meter. It was possible, however, to deter- 
mine the kerosene flow rate by a heat-and-material balance on 
the coolers, as a flowmeter was always used to measure the 
water rate. Temperatures were taken with standard A.S.T.M. 
mercury-bulb glass thermometers located in thermowells. Check 
thermowells were installed at several points, and, as a further 
check, the thermometers were interchanged at intervals. Pres- 
sure drops across the heater and each cooler were measured by 
differential mercury manometers. Pressure taps were located 
in the inlet and outlet nozzles, thus the pressure drop obtained 
included end losses. No calming sections were used as all the 
tests were made with standard commercial-size hairpin sections. 

In all runs the oil tested was pumped from the storage tank, 
through the heater and the two coolers in series, and back to the 
storage tank, as shown in Fig. 3. Each test run lasted from 15 to 
20 min after equilibrium was attained. Readings were taken at 
5-min intervals. Flow rates and inlet temperatures of the two 
lube oils were varied over wide limits to obtain the maximum 
spread of Reynolds numbers for each oil. Steam temperatures 
and water flow rates were also varied for a fixed oil-flow rate so 
that a wider range of film temperatures could be investigated. 
Heat balances to within 5 per cent were obtained in the different 
tests. 

Of the three fin-tube sizes tested, the Reynolds numbers have 
the greatest spread on the runs made with the fin tubes having 28 
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fins. Runs with R up to 1000 were made with refined S.A.E. 40 
and 50 lube oils and above 1000 with commercial kerosene. The 
fin tubes with 24 fins were tested in the range from R = 20 to 800 
using refined S.A.E. 40 lube oil. Only a few runs were made 
with the tubes having 36 fins, and the same S.A.E. 40 lube oil 
was used. The heat-transfer and pressure-drop results of all 
the runs covered by this paper are shown in Figs. 5 and 6, 
respectively. The range of the Prandtl number was from a 
minimum of 11.0 to a maximum of 1625. L/D ratios are given ; 
in Table 1 

The over-all heat-transfer coefficient was obtained by dividing 
the total heat transferred by the log MTD and the total inside 
surface of the fin tubes 


Q 
(log MTD)(A,) 


For the steam-side coefficient, the value h; = 2500 was used, as 
this figure was considered to be in line with field operation. For 
heating lube oil, a maximum deviation of 4 per cent would 
result by assuming steam-condensing coefficients ranging from 
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1500 to 5000 Btu/(hr)(sq ft)(deg F). For heating light fluids 
such as kerosene, with Reynolds numbers over 1000 where the 
fin-side coefficient would be higher than that for heating lube oil, 
the deviation would be greater. The water-side coefficient was 
calculated by the equation as given by McAdams (5). 


150(1 + 
(D')9.2 


h = 


The fin-side film coefficient hy for the three sizes of fin tubes 
tested was then calculated readily from the equation 


U; hg 


and the curves shown in Fig. 4 which employ the Harper and 
Brown (6) method of computing fin efficiency. 


EVALUATION OF T'y 


The term uy as used in this paper to correlate the heat-transfer 
and pressure-drop data, denotes the viscosity of the fin-side fluid 
evaluated at the weighted average temperature of the finned 
surface and the outside bare surface of the tube, herein designated 
by 7. No satisfactory method for evaluating 7’, for tubes hav- 
ing extended surface could be found in the available literature. 
Consequently, the method for determining 7’, illustrated subse- 
quently and the values obtained by using this method were 
used in calculating the results reported in this paper. 

The derivation of the equation for Ty is based on a heat bal- 
ance between the fluid inside the tubes and the fluid on the fin 
side, and the corresponding surfaces. Thus when the hot fluid is 
inside the fin tubes and the cold fluid in the shell side, the heat 
transferred per unit area of inside tube surface can be defined by 
the equation 


{4} 
also 
h(T — T,) = (T, — [5] 
and again 
h(T — = hfT. — {6} 


Solving Equation [5] for 7, 
+ hm't A/A, 
hy + hn 'A/Ay 


Substituting the expression for 7; in Equation [6} and solving for 
T » it is found that 


T, = 


(T — t) 


When the cold fluid is in the inside of the fin tube and the hot 
fluid is on the fin side, it is found that Equation [8] is the same 
and can therefore be used for both heating and cooling. 

In the foregoing derivation the assumption is made that there 
is no temperature gradient across the tube wall of the fin tube. 
This was a reasonable assumption as the equation for 7’, would 
be more complicated if this assumption were not made and the 
effect on 7',, would be small. 

Temperature 7’, is evaluated by successive approximations of 
hy and finding the corresponding 7’. All the other terms in 
Equation [8] are either known or are previously calculated. 
Generally, a first approximation suffices, as an error in 7’, is 
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greatly reduced when the corresponding uy is raised to the frac- 
tional power of 0.14 or 0.25. 


Heat-TRANSFER RESULTS 


The heat-transfer data were correlated by the Colburn (1) 
heat-transfer factor j, modified by Sieder and Tate’s (2) viscosity 
correction (u/u,)~*' giving the dimensionless expression 


hy (cm /s 


The reason for using this method of correlation is that one curve 
can be used for heating and cooling for each fin-tube size. Also 
the same method was used by other investigators (4, 7), reporting 
data on heat transfer for extended surface. 

The results for the 24- and 28-fin fin tubes plotted in Fig. 5 
show that good agreement is obtained between heating and 
cooling in the range of R covered, indicating that this method of 
correlation is valid. 

The results of the heat-transfer data obtained for the 36-fin fin 
tubes are not shown in Fig. 5, since only a few runs were made 
with this fin-tube size. A sufficient number of tests were made on 
this fin tube to determine the slope of the curve plotted for these 
data. The results obtained were in accord with the findings re- 
ported for the 24- and 28-fin fin tubes, when allowance was made 
for the higher L/D, ratio for the 36-fin fin tube. 

Inspection of the plotted results for the 28-fin fin-tube tests 
shown in Fig. 5 indicates that the transition between laminar 
and turbulent flow begins between R = 200 to 300. This is also 
indicated, to a lesser extent, by the results of the 24-fin fin-tube 
tests also shown in Fig. 5. Additional runs, not reported in this 
paper, made with other fin-tube sizes also gave similar results; 
i.e., the transition began at R < 300. 

This phenomenon was also observed by Gunter and Shaw (4), 
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who reported the results of numerous tests heating oils in a similar 
double-pipe exchanger, using smaller fin tubes. They point out 
the analogy that an increase in the friction factor f normally in- 
creases the heat-transfer coefficient h. The pressure-drop results 
reported in this paper (see Fig. 6) show an increase in f over that 
normally expected for the isothermal f for circular ducts at 
Reynolds numbers ranging from 400 to 3000. In view of this 
it is not surprising to expect a break in the heat-transfer curve at 
around R = 300 to 400. 

The data presented here are based on clean surfaces. For 
design purposes fouling rates as recommended by T.E.M.A. (8) 
should be used. 


PREssuRE-Drop RESULTS 


The pressure-drop data obtained were evaluated by the general 
ssothermal Fanning equation, modified by adding the Sieder and 
Tate (2) function (u/u,)%?5 in the laminar-flow region and 
(u/u~)*-!* in turbulent flow, to make it applicable for both heating 
and cooling liquids. The pressure-drop results are shown in Fig. 
6 for all three sizes of fin tubes tested. 


Sieder and Tate (2) found that the friction factor for liquids 
inside tubes in nonisothermal flow would fall on the isothermal f 
when multiplied by 1.1(u/u,)%*5 and 1.02(u/u,)°-" in the lami- 
nar- and turbulent-flow regions, respectively. In this paper 
better correlation was obtained by omitting the constants 1.1 and 
1.02. 

Since the pressure taps were located in the inlet and outlet noz- 
zles of each hairpin section, Fig. 3, end and return-bend housing 
losses were included. It was found that these losses could be 
adjusted by increasing the actual length from 40 to 45 ft equiva- 
lent fin length. 

Fig. 6 shows excellent agreement between the isothermal line 
and the plotted results for R < 400. Between R = 400 to 1000 
the results obtained are slightly higher than the isothermal curve, 
indicating that the transition between laminar and turbulent 
flow may start at R = 300 to 400. At R between 3000 and 
12,000 the data are again in good agreement with the isothermal 
curve. 

Originally the data were plotted using (u/u,)%*5 and (u/u,,)%"* 
for R < 2100 and R > 2100, respectively. It was found, how- 
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ever, the correlation for heating and cooling was improved by 
using the factor (u4/u»)®!4 for all values of R above 400. This 
finding provides an additional argument that the transition be- 
tween a laminar and turbulent flow, for liquids flowing in the fin 
side, begins at a Reynolds number considerably below 2100. 
Both the heat-transfer and pressure-drop results substantiate 
this point. 


CONCLUSIONS 


1 Heat transfer on the fin side of longitudinally finned double- 
pipe exchangers for both heating and cooling is correlated by the 
conventional j factor corrected by u/u, for viscosity gradient. 

2 Correlation of the pressure drop for three sizes of fin tubes 
tested in both heating and cooling was in excellent agreement 
with isothermal pressure drop for values of R below 400 and also 
for R above 3000. In the range of R between 400 and 3000, 
pressure drop was greater than that predicted by the conven- 
tional Fanning equation. 

3 The breaks in both the heat-transfer and pressure-drop 
curves indicate that transition between laminar and turbulent 
flow begins at R < 400. 

4 It has been found that the usual methods for evaluating 
heat transfer and pressure drop for liquids inside tubes are 
applicable for liquids in the fin side of finned double-pipe ex- 
changers. The equivalent diameter used in both cases was the 
hydraulic diameter, D, = 4A;/y. 
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Discussion 


A. Y. Gunter‘ anp W. A. SuHaw.* The authors are to be 
complimented on their paper covering double-pipe longitudinal 
fin-tube heat exchangers. 

After accounting for slightly different methods of obtaining Ty 
and fin effectiveness, their data on heat-transfer and friction fac- 
tors check very well with the results published in a previous paper 
by the writers.® 

It is gratifying to note that these data cover a much wider 
range than the writers’ previously published material and should 
be of added benefit to design engineers in this field ef equipment 
rating. 

It is suggested that a table giving the range of variables covered 
in their tests be provided so that the extent of accurate applica- 
tion of the data will be made known to all concerned. 


AvuTHorRS’ CLOSURE 
The table below gives the range of variables covered in the tests 
reported. 
G from 63,800 to 665,000 
R from 7.5 to 12,800 


= from 11.0 to 1625 


* from 0.274 to 3.45 


bw 


A statement on the effect of using an assumed value of 2500 
Btu/(hr) (sq ft) (deg F) for the condensing steam coefficient has 
been added to the text of the paper. It must be remembered that 
the tests reported were made on hairpin sections having 20 ft 
Oin. continuous fin. For shorter fin lengths an adjustment must 


L 
be made for the change in D. ratio. 
e 


4 Director of Development, Alco Products Division of the American 
Locomotive Company, New York, N. Y. Mem. A.S.M.E. 

5’ Development Engineer, Alco Products Division of the American 
Locomotive Company, New York, N. Y. Jun. A.S.M.E. 

6 Refer to authors’ bibliography (4). 
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Numerical Methods for Transient Heat Flow 


By G. M. DUSINBERRE,' BLACKSBURG, VA. 


This paper deals with the application of numerical _ given in the bibliography (1, 2, 3).2 These treat generally of the 
methods for the solution of heat-conduction problems, — simpler cases. There remains then a wide range of engineering 
their generality being extended in the following ways: problems for which no analytical solution exists, or for which the 
(a) A modulus is developed by choice of which the worker analytical solution is intolerably complex. Many of these yield 
may proceed most: rapidly to a solution, or may proceed _ to the method of analogous electrical circuits (4), but the neces- 
more slowly and with greater precision; (6) criteria are sary apparatus may not be available when and where needed. 
developed for the choice of modulus to insure convergence. Numerical methods can be used by any engineer at any time. 
This is most important at a convective surface; (c) a We extend the generality of these methods in the following 
method is developed for handling k and ¢c when these prop- ways: 
erties vary independently with temperature. A compre- 


hensive Appendix gives the derivations, and the use of : : 
P may proceed most rapidly to a solution, or may proceed more 
equations and charts is demonstrated by typical ex- 
: slowly and with greater precision. 


amples. 
P (b) Criteria are developed for the choice of modulus to insure 
convergence. This is most important at a convective surface. 
(c) A method is developed for handling k and ¢ when these 


(a) A modulus is developed, by choice of which the worker 


NOMENCLATURE 


THE following nomenclature is used in the paper: properties vary independently with temperature. 

k = conductivity Derivations will be found in the Appendix. The use of the 

c = specific heat equations and charts will be demonstrated by examples. 

p = density 

ExampLe ILLusTratinG FLExrBILiry oF NUMERICAL METHOD 
At = a small finite time interval Example | is set up to illustrate the flexibility of the numerical 

Z, y, Z = space co-ordinates method. A relatively complex situation is analyzed by a com- 
Ax = a small finite distance bination of simple procedures. The assumptions are to be taken 

T = temperature as merely typical and perhaps not the most accurate that might 
T’ = temperature after an interval At be made. 

h = surface coefficient of heat transmission A large cast-iron slab 1 in. thick lies on a bed of insulating 
M = modulus relating Ar and At material. Slab and surroundings are at 100 F. A large copper 
N = the ratio hAx/k slab 2 in. thick, having been heated uniformly to 400 F, is placed 
F = a coefficient on the iron slab and sprayed with water at 100 F. 

C = a temperature change Required. The cooling curves at !/:-in. intervals in the two 

p = a ratio of specific heats slabs, down to a surface temperature of 300 F. 

q = aratio of conductivities 7 


GENERAL 
e 2 
The conventional treatment of heat conduction problems, since @géd&#Feérv? 
the time of Fourier, has been by analytical attack on the general 


equation Copper — lron —*insulation 


oT re) oT oT oT Fig. 1 REFERENCE Pornts FoR EXaMpLe 1 
Ox Or (Oy oy Oz ot 

Assumptions. Edge effects may be neglected, making the 
This is quite unmanageable as it stands. Fortunately, the varia- flow one-dimensional. Surface resistance between the slabs is 
tion of k with orientation and temperature, and of c with tem pera- negligible. Conduction from iron to surroundings is negligible. 
ture, are often negligible within the required accuracy of a par- The following values of metal properties may be assumed as con- 
ticular problem, so these properties are taken as constant. Itis stant: Copper, k = 218, ¢ = 0.094, p = 556; Iron, k = 27,¢ = 
generally necessary also to impose certain simplifications on the 0.118, p = 442. The surface coefficient h may be assumed 500 at 
boundary conditions. Under these assumptions a literature has 400 F, 700 at 350 F, and 900 at 300 F. 


grown up, too extensive and too familiar for detailed reference. Solution. Reference points are as designated in Fig. 1. The ; 

Solutions arrived at in this way are known, somewhat strangely, following preliminary calculations are made, the derivation and ; 

as “exact’’ solutions. significance of which are given in the Appendix: ; 
Recently some attention has been given to numerical and 

graphical methods. A few of the more accessible references are Mou _ 0.094 X 556 X 27 = 0.124 


Mre 0.118 X 442 X 218 


1 Department of Mechanical Engineering, Virginia Polytechnic 


Institute. Mem. A.S.M.E. 900 
Contributed by the Heat Transfer Division and presented at the Nimax = 24 X 218 = 0.172 
Annual Meeting, New York, N. Y., Nov. 27—Dee. 1, 1944, of THe as 
AMERICAN Society oF MECHANICAL ENGINEERS. 
Nore: Statements and opinions advanced in papers are to be —— 2N +2 = 2.34<3 
understood as individual expressions of their authors and not those of ? Numbers in parentheses refer to the Bibliography at the end of the 
the Society. paper. 
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_— TABLE 1 COEFFICIENTS FOR EXAMPLE 1 
h Fa Fu Py 
Meu = 3, Mre = 3/0.124 = 24.2 400—375 8867 
0.084 x 558 
t= = 0.000139 hr = 0.5 sec 
3 X 218 X 24 24 
The calculations are then performed according to the work 

Initial T. = 400 X 0.094 X 556 + 100 X 0.118 X 442 =250F ‘Sheet. Results are shown graphically in Fig. 3. 


0.094 X 556 + 0.118 K 442 
Examp_e 2, ILLustrRaTING PRocEDURE WHEN k Varies WITH 


TEMPERATURE 
Fron 0064 0.333|0.047|0.08- Example 2 is chosen to illustrate the procedure when k varies 4 
nae 0667) eealeod| — with temperature, and because an experimental solution is availa- 
0} 9 }|/00 400|400 400} 400} 250} /00| /00 ble for check. This is the subject of a paper by Bradley and 
6a) 133 | 70 | Ernst (5). 
A furnace is operated cyclically, on 8 hr and off 16 hr. During 
/ 10.51/00 operation the hot-side temperature is as near 1900 F as possible. 
é' é WP | al The ambient temperature is 100 F. The furnace wall is laid up 
; er — wh bw with a single course of brick, headed to the fire, giving a thick- 
2 |4.0 ness of 9 in. 
00ascl 9 776| val vo Required. The time-temperature curves for the outer surface 
OF 11/51) 1124)/035) 190 104) 93 and three interior points of the wall, and an estimate of the daily 
325] » |362\3641375|345|37/ |720|/03 heat loss when the furnace has reached an equilibrium cycle. 


Assumptions. The T — k relation for the brick is given in 
Table 2, and c = 0.23, constant. Strictly, we should assume the 
furnace airtight with no heat losses from the interior while 
secured, or else assume a rate of air leakage. But to permit a 
closer comparison of results we use the experimentally measured 
fire-side surface temperatures as “feed-in.”” The same was done 
with the electric analyzer, as described in reference (5). A rough 


Notes: A.We add to get The 

same ‘weighting’ procedure is used at points 5,677 
B. We hh and divide by3 to get 

Ta’, This “averaging procedure used et points 
C.T having reached 375, we change Fu. 
D. Remaining work omitted,for brevity. 


Fie. 2 Sampte Work SHEET FoR EXAMPLe 1 steady-state analysis shows that the outer surface temperature 
will rise less than 100 deg F above the ambient, so the fluctuation 
[ : ee es oe here will not be great. We estimate h to be 2.4 and assume that 
bow | its variation can be neglected. 
| \\ 
| 1\ = | TABLE 2 SAMPLE CALCULATIONS FOR FIG. 5 
\ 
T 
\ 
| \ T ke AT 
| 200 94 
96 
A — 400 0.99 1.000 288 
f 101 
500 389 
104 
| 600 1.04 1.050 493 
600 
800 ttt 1.121 710 
vs. vs | 118 
Time Position | 1000 1.19 1.202 942 
200 | 123 
— | | 1100 1065 
Numbers denote | Num bers 127 
position _ denote | 1200 1.29 1.303 135 1192 
4 rime ||| | 1300 1327 
| | 3 1466 
150 1400 1.42 1.434 
= | 148 
\\} | 1500 1614 
| 7 176 
4 \\ 1600 1.56 1.576 7 
\\ 162 
6? 1800 1.73 1.747 099 
189 
2000 1.91 1.929 2467 


TURE 1 
* Conductivity was reported on a “per-inch”’ basis. 


An “averaging’’ procedure is available for points 2, 3, and 4. 
Coefficients used for other points are calculated and entered on Solution. A. has been set at '/, the length of the brick, 0.1875 
the work sheet, Fig. 2. Additional coefficients for point 1 are ft. We designate reference points as in Fig. 4. Preliminary cal- ‘ 
given in Table 1. culations are as follows: 
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CORRECTION’ CHART 


or 
JM-20 BRICK 
Datum: Temperoture 
Conductivity 0.0825 
specie Heat 023 
Density 3/ / 


( below YOOF.) 


Sp.Heat constant, nae-Cam 


Fre. 5 Correction Cuart ror JM-20 Brick 


/ 2 J a 
Brick furnece 


Fic. 4 ReFeRENCE PoINTs FOR EXAMPLE 2 


Amn max = 9i,900,100 = 2278/1800 = 1.264 
M 2 2 X 1.264 = 2.53 
Steady-state analysis shows T; S$ 800 F, and 
max = = 710/700 = 1.014 
M X 1.014 = 3.04 


2.4 X 0.1875 


N = ~~ 


M 2 2(5.45 + 1) = 12.90 


The conditions are such that we can disregard the last restriction. 
Choosing M = 3.04 


0.23 X 31 X 0.1875? 
3.04 X 0.0825 


We have a previously prepared “correction” chart for the mate- 
rial, Fig. 5. We convert this to the chosen modulus, drawing the 
diagonal lines shown in Fig. 6. The chart now shows, for an 
interior point, the change during At due to the temperature at an 


adjacent point. For the outer surface we calculate the auxiliary 


diagonal lines at the lower left. 

Starting with the initial distribution and taking 7’, from the ex- 
perimental data, we calculate the succeeding temperatures. The 
results for three days are shown in Fig. 7. The fourth day was 
practically a repetition of the third, showing that an equilibrium 
cycle had been reached. 

The complete work sheet is too long for reproduction but we 
show for example how the temperatures for the 58th hour are ob- 
tained. At the 57th hour we have 


0 1 2 3 5 
Temperature....... 100 175 620 1075 1440 1500 


Using Fig. 6 we find the “corrections” for each point 


Cu Cu Cs = —Cu Cu 
60 65 150 175 160 30 


These values are entered directly on the work sheet, Fig. 8. 

If we were not using experimental data for point 5 and wished to 
assume no air leakage, we should use Cy = —2C, whence T; = 
1440. 

The calculated heat flow for the equilibrium cycle is 3430 Btu 
per sq ft per day. From the experimental curves the figure is 
3350. This agreement should be satisfactory for most purposes. 

A slight overshooting can be observed at several points in 
Fig. 7. This will oceur when the temperature changes rapidly, 
especially with a minimum M. When greater precision is re- 
quired, the remedy is to use a larger M, and the cost is extra work. 
In this problem it could be foreseen that the 7, curve would 
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"CORRECTION" CHART 
0. 
JM-20 BRICK 
Datum: Temperoture 400 
Conductivity 0.0825 } 
SpecificHeat O25 
Density 3/ 
| | constant, Crm, 
| (Extrapolated below YO0F.) 
| ~f 
v4 
| 
6 
y \ 
4 | 
1399 2000, len | 
Fig. 6 Correction Cuarr as Usep ror Exampue 2 
‘ usedas data | 
$ — Experimental curves | | | | | 
Computed points. | | 
| | 
q | | 4 | 
| ae | | | / | 
| ¥2 ° | | | 
| | 
16 e4 40 S758 64% Time -hes. 
Fig. 7 TemMPERATURE CURVES FOR EXAMPLE 2 
overshoot at the beginning and end of the heating period, so half- 
Time| Point O|/ i 2{(si4I15 intervals were used as shown in Fig. 7. 
57| Temperature| /00\ 
30 ConcLuston 
Ca-, 5 |\-/60 
These examples have shown the use of a number of the pro- 
58| Temperature 10 0| /80|645|/060\4810|1360 cedures outlined in the Appendix. Many other combinations are 
possible, permitting investigation of « wide range of heat-transfer 
Fic. 8 Sampie Work ror Exampue 2 problems. Applications suggest themselves especially in metal- 
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900 Ty 0 100 200 JOO ¥00 600 900 
200 CORRECTION CHART 
for Ingot Iran 
Datum:Temperature 0 
600 Conductivity 
Density 787 
| | C.6.5.- Centigrade Units 


° 


Fie. 9 Correction CHarT FOR INGoT [RON 


lurgical processes where k, c, and A vary greatly. Fig. 9 is ex- 
hibited to show the form the correction chart may take for a 
metal in which k has a range of about 4:1 and ¢ about 3:1. 
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Appendix 


1 Regarding k and ¢ as constant for the present, and flow as 
one-dimensional, we consider Fig. 10 an element of the mate- 
rial centered at 2. The dimension Az has some small value con- 
sistent with the practical requirements of the problem. The ele- 
ment 2 is insulated except where it adjoins element 1, which is no 
larger than 2. At time ¢ the temperatures are 7 and 7, and the 
gradient is (7', — T)/ Az. 


«+-Ax— 


Fie. 10 One ADJACENT ELEMENT 


We now make three important assumptions: 


(a) A time interval At can be chosen sufficiently small that 
there is negligible error in using the initial gradient (7; — 7':)/ Az 
to compute the heat flow during this interval. 

(b) Time interval At is sufficiently small that there is neg- 
ligible error in neglecting the effect on 2 of any region beyond 1. 

-(c) Az is sufficiently small that there is negligible error in 


using the temperature at point 2 to compute the heat capacity of 
the element 2. 


Under these assumptions we can write the following heat bal- 
ance 
kK AUT, — T2) = ep — T2)........... 
We introduce a modulus defined as 
Then Equation [2] becomes 
T, — T; = M(T’;— 


Under our assumptions, T’; cannot, in any At, attain a value 
more than half way between the initial values 7, and 7:, that is 


7% T; s T:) and M = 


This is the first criterion for a valid numerical procedure. 

2 Now consider element 2 as lying between two similar ele- 
ments, Fig. 11. The heat flow from 3 is additive to that from 1, 
and 


(T: — T:) + (T: — T:) = M(T’': — 


Fie. 11 Two Apsacent ELEMENTS 


We may put this in three different forms as follows 


+ (M — 2)T, + T; 
M 


This defines what we may call an “averaging” procedure. 


T's 
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It is the quickest and most convenient since it involves only two 
arithmetical steps for each computed point, namely, one addi- 
tion and one division. 


Or 


in which 


Fis = Fs = 1/M F. = (M — 2)/M =F [9] 


This defines a “weighting” procedure. It involves three multi- 
plications and one addition. 
Or 


T's = + Cr + Cy...... .. [10] 


in which 


Ce = (7 T3)/M Cs (T; — T3)/M..... {11} 
This defines a “correction” procedure. It involves two sub- 
tractions, two multiplications, and an algebraic addition. How- 
ever, the work can be simplified by the use of a chart, and this is 
our best recourse When thermal properties vary with temperature. 

In Equation [7], if we give its low limiting value of 2, we get 
the Schmidt® formula, T’: = (71 + 73)/2. This says that the 
temperature ai a point depends upon the previous temperatures at 
adjacent points but not upon its own previous temperature.‘ 
Starting with a constant temperature in the material, this 
method gives rise to a stepwise time-temperature plot, though by 
“cranking-in”’ the initial calculation from an analytical solution, 
this can be avoided (1, 2). The choice of modulus 3 gives T'’; = 
(T, + T: + T3)/8, which is about as convenient as the Schmidt 
formula and has a number of advantages. 

A further justification of Equation [5] can be had from Equa- 
tion [8]. If M < 2, then FP < 0, which says that 7’; depends on 
T: ina negative sense. Intuitively, this seems absurd. No for- 
mal proof can be offered here,® but it would appear that we may 
take as a general criterion 


3 Ata surface where convection occurs, the reference points 
may be disposed as in Fig. 12 (a) or (6). Formulas may be de- 
veloped for (6), and these have certain advantages, but as we 
are generally interested in the surface temperature, we confine 
attention here to (a). 

The point 0 in Fig. 13 is taken in the adjacent medium at 
some distance where the gradient normal to the surface has be- 
come negligible. We make use of a surface coefficient A which 
is to include the effect of convection and radiation. Temperature 
Ty and h may vary, so long as they may be regarded constant 
overany At. Under our assumptions the heat balance is 


k At(T: — T;) = ep Ax?(T’, — 7) /2.. [13] 


We define a “‘Nusselt number” 


Introducing M and .V 


M 


3 Max Jakob (Trans. A.S.M.E., vol. 65, 1943, p. 613) states that 
the method should be credited to L. Binder. 

4 After the caiculation is under way, the temperature at a point 
does depend on the value at the second preceding time interval. 

’ In a paper under preparation, C. M. Fowler undertakes a formal 
mathematical investigation of the convergence of these methods. 


TRANSACTIONS OF THE A.S.M.E. 


NOVEMBER, 1045 


If 7, = 7,, a very common initial condition, then 


2 
T’,;— T, 3 Ty) and M = {16} 
If we write Equation [15] in the form of Equation [8] 
Fy =2/M, Fa =2N/M, and Fy = (M—2N —2)/M. 
Then if we are to meet the condition of Equation [12] 


In choosing M, we should be guided by whichever of Equations 
{16] or [18] is more restrictive, using of course the largest N 
which occurs in the problem. 

If N is large, observance of these criteria may be inconvenient. 
Provided the surface temperature does not fluctuate much from 
the steady-state value (but not otherwise), a permissible ap 
proximation is to jump at once to the steady-state relations (1 


Fy os 1/(N + 1), Fu = 0, Fo = N/(N + 1) {19} 


At a well-insulated surface A, N, and Fo may approximate 
zero. 

4 Ina heterogeneous wall, Fig. 14, materials 2 and 4 have 
different properties. Time interval At must be the same for all 
layers. If it is convenient to choose 


Ax / Am = V 


then the same modulus applies in both regions. But Bqua- 
tion [3] allows more freedom in treating such cases. For ex- 


| e e ° 

(a) 


Fie. 12) Two Possiste RererReNCcE Systems 


O 


2 4 


Fia. 14 


a 


A WALL 


ample, if we wish to keep Az the same in both regions it is onl) 
necessary that 

= 
We choose M for the region in which it is lowest and use an aver- 


aging procedure here, and weighting procedures elsewhere. In 
this case, for point 3, the weighting formulas become 


. 
3 
|| 
= 
! 
Fic. 13 A Convective SurFace 
1 
| 
7 


Fy = Qhe/(kaM, + kM,), Fa 


Fa = 1— Fx, Fs {20 | 


If two materials at different temperatures are placed in good 
thermal contact, the initial 7’; may be taken as a weighted mean 
with respect to cp Az in the two regions, by conservation of energy. 
If there is an appreciable interface resistance, the surfaces are 
treated under section 3. 

A homogeneous material may be treated under varying Ax and 
M if we wish to study changes more closely in certain regions. 

5 Sensible heat may be absorbed within the material by a 
phase change or chemical reaction and may be produced by these 
phenomena and by electrical means. In the last case it is only 
necessary to add, at each point involved, the temperature rise 
during each At, which is the energy supplied divided by the 
heat capacity of the element. 

Where a latent heat exists, temperature changes ure delayed. 
When the calculated temperature at a point passes the phase- 
change temperature, we subtract the excess, making an account 
of it, and continue the calculation using the phase-change tem- 


perature. When our account of excess degrees reaches the value 
/e we discontinue the account and use the computed tempera- 
ture. 


6 Weighting equations are readily derived for the effectively 
one-dimensional radial flow in a long eylinder, Fig. 15. MJ 2 4 
and F,,,, A Fy, ete. The uniform Az shown may be prefera- 
ble to a possible logarithmic spacing when we are interested in 
gradients near the surface 


Fro. 15 Rerenence Points In A CYLINDER 


o 
7 / 6 
e 


Fie. 16 A Two-DIMENSIONAL SysTpM 


7 From Fig. 16 we can derive equations for two-dimensional 
flow. For the interior, M 2 4 and preferably M = 5. There is 
no great additional difficulty in allowing for a k variable with 
orientation. 

8 We now take up methods useful when k and ¢ vary inde- 
pendently with temperature. Inspection of Equation [1] shows 
that the concept of diffusivity is not applicable here, which is 
why we have not introduced it. 

In order to continue the use of the modulus already developed, 
it is convenient to select a datum temperature to which the 
subscript d refers. 

Then 

M = cpp qn = k,/kg..... (21] 


Pa? c,/Ca 
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Referring to Fig. 11, the heat balance is now 
kuz AUT; T:) + ka AUT T2) = —_ T2) {22} 


Double subscripts here indicate a mean value. Using Equation 
(21) 


— T2) + qul(Ts —T,) = paM (T's — T3).... (23) 


If we put this in the form of Equation [10], then, corresponding to 
Equation [11] 


Cr = q(T; = T:) and Cr = qs2(T's T2)/p.M {24 | 


These formulas are the basis of the “correction” chart.- The 
trouble of computing and plotting this chart may be justified by 
the fact that it can be used for any problem with the material ty 
which it refers. 


Any C,,, can be taken as 
man 


The last factor amounts to 


If the 7 


merically; 


k relation is expressed by a table, we integrate nu- 
if by an equation, we can integrate formally. In 
either case, construct a table of this factor over the required 
range of 7',,, 
entry by p,. 


Introduce the second factor by dividing each 
This gives a table of C,,, to modulus 1. Plot (a) 
horizontal straight lines of 7, to a uniform seale, (b) straight 
lines of C,,,, to a uniform seale, inclined about 30 deg to the right 
of the vertical, and (c) curves of 7’,, inclined to the left and non- 
uniform. Erase the C,,, lines and the chart is like Fig. 5 or 9. 
It can be converted to any desired modulus by drawing new 
diagonal lines to the appropriate scale. 

Table 2 shows part of the calculations for Fig. 5. The 7 —k 
data are from reference (5). In this case ¢ is constant, p drops 
out, and C,,, = —C,, 80 only half the chart need be drawn. 

9 For a convective surface the equations are analogous to 
those derived in Section 3. We redefine N as hAz/k,. As be- 
fore, we must give attention to the maximum N occurring in 
the problem, and also to the maximum q/p ratio. Referring to 
Fig. 13 


Cu = 7T:)/mM Co = 2N(Ts — . [25] 


Cy, at a surface is then double the value from the chart. 
Criteria corresponding to Equations [16] and [18] are 


M 2 3(qu/pi) M 2(N + [26 } 


Steady-state approximations corresponding to Equation {19} 
are 


Cu = 7T1)/(N +42) Cu = N(To—T71)/(N + qu).. [27| 


If conditions are nearly steady at a surface, we can plot the 
results as auxiliary lines on the correction chart. Otherwise we 
must tabulate. 
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Discussion 


C. M. Fow.ier.® The author’s two representative problems 
seem to dispose of the practical side of the theoretically unsolved 
cases where both thermal properties and transfer coefficients are 
functions of temperature. 

The writer has had occasion to study heat flow through steel 
specimens for the purpose of determining hardness distributions 
throughout specimens after quenching, and to his knowledge, the 
work done so far on this problem has been confined to cases where 
transfer coefficients and thermal properties are assumed constant 
over the quenching range, with no account being taken of heats 
of phase change in the steel. It is the writer’s opinion that the 
numerical study of the heat flow in, say, a circular cylinder or 
slab taking into account the variable properties mentioned 
would be of real value in making more accurate predictions of 
“after-quench” hardness distributions of these specimens. 

In the actual mechanics involved in solving a problem, the 
author develops a restrictive criterion for the modulus, M = 2, 
Equation [5]. For all practical purposes this is true. How- 
ever, the assumptions used in deriving this criterion are actually 
more restrictive than necessary for many problems, and in a 
paper under preparation the writer has shown that in some cases 
M may be as low as 1 which, as the author points out, is in- 
tuitively absurd. It appears to the writer that most of the cri- 
teria developed for both the modulus and the surface transfer 
coefficient N have been demonstrated under conditions more 
restricted than those actually called for in the problems under 
consideration. 

The writer would also be very much interested in seeing some 
problems worked out involving a phase change such as the 
author suggests in the Appendix, Section 5. 


W. A. Haptey.? It would appear to the writer that the 
method described in the paper would be even more useful in 
evaluating unsteady-state diffusional processes, such as drying, 
carburization of steel, etc., than heat transfer. In general, most 
diffusional processes are not steady state and must be analyzed 
mathematically by making untrue but simplifying assumptions. 
It would appear that the paper offers every engineer a simple but 
powerful tool whose use will permit him to analyze closely dif- 
fusional processes which he could only approximate before. 

Will the author please verify this contention? 


Victor Pascukis. The numerical method is a powerful tool 
and any paper which attempts to make this tool more acceptable 
is to be welcomed. 

In studying the paper the writer notes in particular the fol- 
lowing observations of the author: 

1 That “... under our assumptions 7, cannot in any At 
attain a value more than halfway between the initial values 
T, and T;...” Whereas this statement is certainly correct, it 
would help the reader unfamiliar with the basis of this method if 
this point would be clarified. 

6 Department of Marine Engineering, United States Naval Acad- 
emy, Annapolis, Md. 
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2 At another point the author states, “intuitively it seems 
absurd that 7’. should depend on 72 in a negative sense.’’ Proba- 
bly one could establish a reasoning from which such a depend- 
ence could be calculated and therefore the formal proof which is 
forthcoming will be of high interest. 

3 In Fig. 3 curve 4 on the left side shows a remarkable dis- 
continuity at approximately 0.8 sec. This discontinuity has 
either to be attributed to too coarse a lumping or to an error in 
the procedure. Clarification of this point would be helpful. 

The author mentions the electric-analogy method in which the 
writer is particularly interested. He states, “the necessary 
apparatus may not be available when and where needed. Nu- 
merical methods can be used by any engineer at any time.”’ It is 
the opinion of the writer that each method (numerical and electric 
analogy) has its useful applications. The fact that a “heat-and- 
mass-flow analyzer” is available in only one or two places does 
not appear to be a legitimate reason against the method. For all 
cases where the electric method is a more powerful tool it should 
be applied, and when the numerical method is better, it should be 
applied. It appears that the refinements presented in the paper 
make the last part of the author’s statement a bit doubtful. 
The rules and procedure become so complicated that many engi- 
neers in the field may not have the time f familiarize themselves 
with the necessary steps. Moreover, it appears to the writer that 
the electric-analogy method has unusual educational values in 
showing the observer, on instruments, what is going on in the 
pieces subject to heat flow. 

Finally it should be noted that the numerical method and 
the electric-analogy method have in common the necessity of 
lumping. But the electric method does not in most instances 
call for any lumping of time, and in those cases where lumping 
of time is required it is never an entire lumping. The numerical 
method is of course based entirely upon lumping in time as well as 
in space, which is obviously a disadvantage as against the analogy 
method. 

In the presentation, the author brought up the problem of con- 
stant properties of materials, and in problems dealing with 
metals, the desirability of working with the actual specific-heat 
and conductivity curves which show a temperature dependency. 

The writer feels that the practicing engineer will by and large 
make use only of such engineering knowledge as is reduced to 
charts and graphs or to material available in handbooks. Often 
he has not the time to work out numerically any type of prob- 
lem. 

Now, if curves with dimensionless parameters should be used, 
the introduction of changing properties increases the necessary 
number of charts very considerably. For example, in quenching 
the introduction of each phase change adds three parameters to 
those necessary for representation in dimensionless units. The 
consequence is the necessity of a vast number of charts too un- 
wieldy for use. For many purposes the charts with constant 
properties, as for example those by Gurney and Lurie, are suf- 
ficient. 

This of course should not imply that it is not desirable to have 
methods which permit the solution of problems considering the 
change of properties, but it is the opinion of the writer that such 
methods will be more helpful to the research worker than to the 
practicing engineer and that it is most important to help the 
latter by development of easily usable curves and charts. 


AuTHoR’s CLOSURE 


Lieutenant Fowler’s discussion is welcome in supporting the 
author’s opinion that the methods may be of use in metallurgical 
research. The phase change of principal interest to Lieutenant 
Fowler, and perhaps to other metallurgists, is that occurring in 
steel around 723 C. There are many examples of this; for a 
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recent one we may cite a paper by Hess.? By the numerical 
method, good qualitative agreement has been obtained with 
experimental heating and cooling curves. Better quantitative 
results depend on better determinations of physical properties. 
If merely a mean value of specific heat is used, the true shape of 
the curves is not obtained. When qualitative agreement does 
not exist, quantitative accuracy can be only accidental. 

Where temperature changes are small and the principal phe- 
nomenon is freezing, the author recommends the analysis of 
London and Seban.” 

Lieutenant Fowler suggests that the criteria for choice of 
modulus are unduly restrictive, and it is to be hoped that his 
studies on this subject will be published soon. In the meantime, 
the author can only say that, in practice, observance of the 
criteria will avoid divergence and the oscillating type of con- 
vergence. The worst one gets is a poor result at the first com- 
puted point, such as occurs in Fig. 3 of the paper, at 0.5 see at 
point 4. This was noted by Professor Paschkis. If this is not 
satisfactory for the purpose at hand, the remedy is to use a 
closer network or a larger modulus. 

Mr. Hadley’s discussion is welcome, as it brings out the point 
that these methods may be used for any physical situation which 
gives rise to the same form of differential equation. The treat- 
ment of diffusion, however, involves some features which are 
worth illustrating by an example. 

The problem chosen" concerns the drying of clay slabs. We 
have the following data and notation: 


Density (bone dry), p...... 1.55 g per ce 
Initial concentration, . O.27 gpereg 

Half-thickness of slab, L......... aie) 0.4 em 
Equilibrium concentration, Ts............. U.05g perg 


The constant drying rate a will obtain until the surface concen- 
tration reaches the equilibrium value. We are required to find 
the time at which that will occur, and also the average concen- 
tration at that time. 

We express Ty and T,, on a volume basis as 0.418 and 0.078 g 
per cc, respectively. We choose reference point 1 at the surface, 
3 at the center line, and 2 halfway between. Then Az = 0.2 cm. 
If M = 3, At = Ar?/DM = 0.04/0.4 X 3 = 1/30 hr. For 
points 2 and 3 the formulas are: Ty; = (7; + T: + 73)/3 and 

Ts; = (2T: + T;)/3. 

The treatment of the surface point is somewhat different, as we 
use the ideas of section 5 of the Appendix, rather than section 3. 
Considering the effect of the interior alone, we would have the 
formula 7; = (7 + 272)/3. We use this, but concurrently we 
have the effect of the constant drying rate. Applying this to the 
half-element at the surface, and calling the result A7’, we have: 
AT = aAt/!/,Ax = 0.2 X 2/0.2 X 30 = 0.067 g per ce. 

We are now réady to calculate Table 3 of this closure. In the 
numerical work, all concentrations are multiplied by 1000 to 
avoid decimals. 

By interpolation, the time of reaching the equilibrium concen- 
tration at the surface is (16 + 7/17)/30 = 0.55 hr. The solution 
given in the reference" is 0.545 hr. 


When 7, = 0.078, T; = 0.153, and 7; = 0.178. The mean 
value, 7, = 0.141 g per cc = 0.091 g per g. The reference solu- 
tion is 0.094 g per g. 


® “Fuel-Fired Techniques and Their Possibilities,’’ by F. O. Hess, 
Mechanical Engineering, vol. 67, 1945, p. 442. 

10 ‘Rate of Ice Formation,’’ by A. L. London and R. A. Seban, 
Trans. A.S.M.E., vol. 65, 1943, p. 771. 

11 “Principles of Chemical Engineering,”’ by W. H. Walker, W. K. 
Lewis, W. H. McAdams, and E. R. Gilliland, McGraw-Hill Book 
Company, Inc., New York, N. Y., 1937, p. 656. 


NUMERICAL METHODS FOR TRANSIENT HEAT FLOW 


TABLE 3 
At T: Ts At Ti T: Ts 
0 418 418 418 + 289 364 388 
1017 1041 1116 
339 
67 67 
1 351 418 418 5 272 347 372 
(a) 1187 1187 966 991 1066 
(b) 396 322 
(c) 67 67 
2 329 396 418 6 255 330 355 
1121 1143 1210 
= (d) 170 170 170 
5 
3 307 381 403 16 85 160 185 
1069 1091 1065 405 430 505 
356 (e) 135 
67 67 
4 289 364 388 17 68 143 168 


Notes: (a) On this line we enter 7; + 272, T; + T: + 73, and 272 + Ts. 

(b) Wedivide the entries online (a) by 3. The result for column 1 
is entered on this line. The results for the other columns are final and are 
entered below. 

(c) We subtract 0.067 here, at every time interval. 

(d) Here we observe that a parabolic distribution has been 
established and each T decreases by 0.017 during each time interyal. So we 
= jump to the 16th interval by subtracting 0.170 from each T. 

(e) The given equilibrium concentration at the surface is reached 
benween the 16th and 17th intervals. 


But now, assuming no vapor forms in the material, suppose we 
want to go on and find the time required to bring the center-line 
concentration down to 0.70 g per g = 0.109 g perce. To do this 
analytically requires shifting to a new formula. But we can do it 
numerically merely by continuing the calculation with a fixed 
value of 7;, asin Table 4. The solution is 22/30 hr. 

As a final illustration, suppose the equilibrium concentration is 
less than 0.078 g per cc, so that it is possible to go below this value. 
But suppose this figure represents a concentration below which 
we do not wish to go. Then the lines such as (c) in Table 4 give 
the drying rates which we must maintain in order to get this re- 
sult. In other words, the method enables the prediction of a 
schedule for controlled drying. 


TABLE 4 
At Ti Ts At Ts 
16 85 160 185 19 78 120 137 
(a) 405 430 505 318 335 77 
135 106 
(c) 57 28 
17 78 143 168 20 78 112 126 
364 389 454 302 316 350 
121 101 
43 23 
18 7 130 151 21 78 105 117 
338 359 411 288 300 327 
113 96 
35 18 
19 78 120 137 22 78 100 109 


Nores: (a) and (b). These lines are obtained as before. 

(c) The value of 7: being fixed by equilibrium, we get this line by 
subtraction. It shows the rate at which drying will actually proceed, under 
the assumptions. 


It adds to the paper to have a discussion by Professor Paschkis 
who has done so much with the electrical analyzer. In reply to 
his comments, we note first that if elements 1 and 2 are brought in 
contact and isolated, the steady-state temperature will be the 
weighted average of the initial temperatures, and each element 
can approach this steady-state temperature from only one direc- 
tion. 

As to T’, depending on T; in a negative sense, this would 
amount to saying that the hotter a body is at a given instant, the 
colder it must be at some selected future instant. 

The discontinuity in Fig. 3 of the paper has been noted in reply 
to Lieutenant Fowler’s discussion. It is due, not to error in the 
calculations, which are easily verified, but to the crude “lumping” 
chosen to make the example simple. 

Professor Paschkis states that “lumping in time. . .is obviously 
a disadvantage as against the analogy method.” The author is 
unable to agree. Ifa method can be made “sufficiently” accurate 
for the engineering purpose at hand, then no further refinement is 
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necessary or justified. If it cannot be made sufficiently accu- 
rate, then it must be discarded upon that ground, and not for any 
hypothetical reason. 

As to what constitutes “sufficient” accuracy, that is a matter of 
engineering judgment. A good engineer will use all refinements 
which the job demands and will skip any refinements which the 
job does not warrant. In fact, many problems in heat conduc- 
tion are too complicated for any sort of analysis and are best 
solved by trial-and-error experiment. 
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Finally, in favor of the numerical method, there is a sort of 
accuracy not subject to reasoning. This lies simply in human 
fallibility—the chance of making a mistake. The author finds 
that in simple arithmetic, which is all that this method demands, 
it is hard to make a mistake and easy to detect and remedy one 
when made. The opposite is true when working with parameters 
which have no obvious physical significance, or with the series 
which arise in analytical solutions. 
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An Electrical Geometrical Analogue for 
Complex Heat Flow 


By C. F. KAYAN,' NEW YORK, N. Y. 


Through the medium of the resistance concept, the 
general similarity of “contour maps” for heat flow and 
electrical flow may be visualized. The electrical analogy 
permits ready study of simple and complex heat-flow 
conditions which, because of distorted temperature condi- 
tions, would defy orthodox mathematical or graphical 
analysis. Internal-temperature lines (isotherms) ob- 
tained by relatively simple equipment with a geometrical 
type of analyzer are shown for one complex case of flow 
conditions. 


Previous EvecrricAL ANALOGIES 


SE of the electrical analogy to study heat flow for different 
| shapes is not new. Herein electrical potential differences 

(voltages) are equivalent to the thermal (temperatures). 
Because of ready manipulation and prospect of accurate measure- 
ments, the electrical analogy is regarded as a very useful tool. 
Whereas the electrical-conduction effect is more usually thought 
of in this connection, still it is not the only electrical effect availa- 
ble; for example, electrical capacity for steady-flow studies has 
also been used. But the electrical-conduction effect so well 
parallels the heat-conduction effect that in terms of the so-called 
resistance concept, inherently involving Ohm’s law of electrical 
flow extended to heat flow, the problem of flow may be readily 
visualized. 

Langmuir, Adams, and Meikle (1)? in 1913 described the use of 
an electrical bath in a shallow tank for model study of different 
heat-flow shapes, as, for example, a thick corner. Here the inside 
and outside surfaces of a thick corner in two-dimensional heat 
flow were represented in the model by metal corners forming the 
vertical walls of the tank. Beyond the corner for each wall were 
set up boundary partitions; these and the tank bottom were 
made of nonconducting material. A conducting liquid electro- 
lyte represented the single isotropic homogeneous material of the 
heat-flow corner. With an alternating-current electrical poten- 
tial established between the parallel wall electrodes, the equiva- 
lent of steady-state heat-flow conditions between constant- 
temperature walls was set up. By means of an electrical probe, 
isopotential lines representing isothermal lines in the solid body 
could be established. This was truly a geometrical heat-flow 
analogue. The same type of analysis for two-dimensional flow 
could be made by replacing the liquid bath by a solid conductor of 
uniform electrical characteristics, using thin metal or other 
conductive sheet cut to the pattern desired, with isopotential 
electrodes connected at the boundary for isothermal conditions. 
This has been used by many as a simplification of the Langmuir 
liquid bath. With direct-current electrical flow established 
between boundary edges, isopotentials could be probed and 

1 Department of Mechanical Engineering, Columbia University. 
Mem. A.S.M.E. 

? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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plotted to represent conditions for a simple homogeneous ma- 
terial between isothermal surfaces. 

Another form of electrical analogue, the network analyzer, 
primarily devised for transient heat flow, was described by 
Paschkis and Baker (2) in 1942. Here the heat-flow path, 
whether one-, two-, or three-dimensional, was represented by a 
number of electrical resistors arranged in the form of built-up 
network to simulate through the resistance concept the thermal 
resistance of the original heat-flow form. A direct-current elec- 
trical-potential difference established across the boundaries of 
the network set up the flow conditions equivalent to the heat- 
flow conditions. The network type of analogue also permitted 
handling of transient conditions. This was truly the outstanding 
point basic to the design. Here heat-storage effects of solid-wall 
structures were simulated by electrical condensers which could 
be charged or discharged, during a transient process. For steady 
flow the condensers were not required. 

Of additional interest is the electrical analogue as based on 
conductive sheet. This has been used to some extent for flow 
analysis by different experimenters, principally foreign. It has 
received scant attention in the American literature, more in the 
European literature; particularly recent work by Bruckmayer 
(3) has come to light and should be cited. Using metallic foil to 
represent a wall of composite material between isopotential 
boundaries, Bruckmayer cut the sheet to include straight thin 
strips of foil to represent a layer of insulating material. This was 
a step in the right direction, but it obviously had limited applica- 
tion and could handle only simple cases of one-dimensional flow 
between isothermal faces, without surface-boundary effects, such 
as due to air ‘‘films.” 

Finally should also be mentioned, in passing, the heat-flow 
version of the Southwell relaxation method, the numerical pro- 
cedure of Emmons (4). This is often cited by its proponents as 
having preferential features over the analogical methods. It is a 
useful tool. For certain work it has admitted advantages, but 
since it does not fall into the classification of electrical analogies, 
it will not be discussed any further here. 

The geometrical analogue of the Langmuir type, whether fluid 
or solid, has the advantage of simplicity in obtaining the direct 
geometrical patterns occurring in flow; it has certain shortcom- 
ings: (a) Limitation to a single homogeneous material between 
the two potential levels; (6) requirement of isopotential boun- 
dary-surface wall conditions. There are also some practical 
objections to working with a bath. On the other hand, the net- 
work type of analyzer has the advantage of full utilization of the 
resistance concept with extension to multiple materials in a com- 
plex heat-flow path. It is very flexible. It has the advantage 
of permitting change of physical properties readily, and above all 


_ of being able to handle transient conditions, which is its par- 


ticularly outstanding feature. However, its equipment is ad- 
mittedly extensive and since it is not a direct geometrical ana- 
lyzer, the determination of the geometrical pattern of isothermals 
is not readily made. 


PRESENT GEOMETRICAL ANALYZER 


To meet some of these shortcomings, the present electrical 
“analogger’”’ employing conductive sheet has been devised. It is 
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of the geometrical type and primarily for steady-state one- and 
two-dimensional studies. It permits inclusion of fluid boundary 
conditions for multiple homogeneous materials in the heat-flow 
path. Thus it is not limited to isothermal conditions at the 
boundary walls, and to one single material. Broadly considered, 
it is founded on the basic principles of the electrical analogy; 
equivalent temperature conditions for a heat-flow path can he 
determined through analysis of an electrical flow path in which 
the component resistances have the same relationship between 
themselves as the thermal resistances. In both types of flow 
the potential difference is equal to the product of flow rate and 
resistance. 
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Fie. 1 Cross Section or BuILDING STRUCTURE 


The analogger is best understood by considering a particular 
case. Fig. 1 represents conditions for a given building structure. 
One set of rooms is at 0 F, another at 100 F, with a concrete floor 
between the two temperature zones, and a concrete wall between 
the adjoining rooms at one given temperature. The floor and the 
cold wall in addition carry insulation as indicated, with con- 
crete surface added for physical protection. Dimensions are 
indicated in the figure. Since opposite conditions are similar 
(mirrored), only one side need be analyzed as set up by the center 
line. (This is equivalent to considering perfect insulation at the 
center-line boundary.) It is desired to obtain the steady-state 
internal-temperature lines, as well as the underside floor and wall- 
surface temperatures in the 100 F room, to study possible con- 
densation under humid conditions. 

The boundary condition produced by the still air in both rooms 
is readily interpreted through the “‘film” concept of heat transfer, 
added and coupled to the resistance concept. Considering re- 
sistances on the unit-area basis, the air boundary resistance R,, 
deg F/[Btu/(ft?)(hr)], may be defined as 


where h, = air-side surface conductance, Btu/(ft?)(hr)(deg F). 
The resistance R,,, deg F/[Btu/(ft?)(hr)], of the wall material is 
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[2] 
where 
Ly = thickness of wall material, ft 
ky = thermal conductivity of wall material, Btu/(ft*) (hr) (deg 


F/ft) 


Thus for a given value of h, there is a corresponding value of 
resistance R,. For a given conductivity of wall material, there 
is some equivalent length or thickness L, of material that would 
give the same resistance R, to heat transfer as the air boundary 


1 L 
3 
R i, k. [3] 
thus 
k 
L, h, t [4] 


Hence if there were involved only an air boundary and a wall 
thickness, the equivalent electrical resistances to represent the 
conditions would be proportional to L, and Ly. For conductive 
sheet of uniform unit resistance therefore these resistances could 
be represented by proportional lengths directly on the sheet. 
This takes care of the fluid boundary conditions, in terms of 
equivalent length of solid material to produce the same resistance 
effect. (Though not so apparent, the same general result would 
be produced by direct consideration in terms of the resistance con- 
cept.) 

The next point to be considered is the problem of insulation, or 
of different materials in the heat-flow path. Considering the 
solid wall as the basic material in the problem, lengths of the ac- 
tual heat-flow path are directly represented on the conductive 
sheet. However, insulation in the geometrical electrical analogy 
requires increased unit resistance in the sheet material to repre- 
sent increased thermal resistance: this is brought about by 
modifying the electrical characteristics of the sheet. 

The effective electrical unit resistance of a given section may 
readily be altered by cutting the sheet carefully into a mesh pat- 
tern (perforating). This alteration may be made in progressive 
steps during an investigation, thus covering different values of 
equivalent thermal resistance in insulation, and enabling progres- 
sive study as well as interpolation for exact value. One type of 
mesh that may readily be used is the square mesh shown in Fig. 2 
with progressive alteration. The transverse (edge-to-edge) 
resistance of mesh sheet as compared with equivalent solid sheet 
increases as the amount of cutout area increases. The resistance 
characteristics may be determined by direct comparative elec- 
trical measurements. (For a 1-in. nominal mesh, 0.80-in-square 
holes and 0.20-in. web, the resistance ratio was measured and 
averaged about 4.6.) Of course it is essential that one continuous 
sheet be used and that the webs of the mesh be in no way cut 
through. It is further to be noted that the mesh may be adjusted 
to handle material with differing conductivities depending on the 
direction of heat flow, as, for example, in wood with-the-grain 
vs. across-the-grain conductivity. 


DeETAILs OF CONSTRUCTION FOR MODEL 


Based on the principles outlined, a geometrical model repre- 
senting the insulated structure in Fig. 1 has been constructed 
and is shown in Fig. 3, with its electrical connections for the one- 
half section of the symmetrical layout. In accordance with the 
georetrical-model requirements, the proportions are to scale; 
as a matter of fact the model is full size and of the actual structure 
dimensions. It is made from one large continuous sheet of metal- 
lized paper. 
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Fie. ExpeRIMENTAL SETUP 


In addition to the dimensions shown in Fig. 1, the following 
basic data have been assumed for the problem: h,, representing 
still air, has been taken at 1.65 Btu/(ft*)(hr)(deg F) for all of the 
air boundaries. This could readily be varied for different condi- 
tions. The conductivity of the concrete floor and wall, taken as 
equal, has been assumed as 0.50 Btu/(ft?) (hr) (deg F/ft). Thus 

k, 0.50 
L, = 0.303 ft = 3.63 in. 

Using continuous metallized conductive sheet for the geo- 
metrical model, one edge of the conductive sheet is assumed to 
represent the center line of the wall, Fig. 3. The wall proper as 
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the basic material is represented by a 3-in. width on the sheet as 
measured from the center-line edge. As shown at the bottom, an 
additional 3.63 in. represents the air-boundary effect on the bare 
concrete wall. The 4 in. of interposed insulation on the upper 
wall are represented by a 4-in. strip of modified sheet as produced 
by cutting a mesh pattern in the original sheet. To account for 
the 0.30 in. of concrete facing as well as the air boundary, the 
additional solid material beyond the insulation on the upper wall 
is 3.93 in. Similar treatment is arranged for the floor conditions, 
6 in. of insulation being represented by 6 in. of modified sheet, the 
floor slab and air boundary together represented by 7.63 in. of 
solid sheet. The treatment for the different parts is clearly 
shown in the diagram. An electrode making good line contact 
with the sheet is fastened down at the limiting positions as shown. 
Thus isopotential conditions are established for the air. Elec- 
trical connections are made according to the diagram. Direct 
current from a storage battery supplies the electrical needs, the 
voltage required being relatively small, a matter of a few volts. 
Proportional electrical potentials over the entire field are ob- 
tained using the slide wire, a detecting galvanometer for balance, 
and a probe for point contact at different locations. 

The results are best illustrated by a ‘‘contour map” of relative 
electrical potentials with equivalent temperatures shown. Thus 
the 90 per cent isopotential line (0.900) is equivalent, for an over- 
all value of At = 100 F to 100 X 0.900 = 90 F. Fig. 4 represents 
such a contour map for the 1-in. mesh, that is, for insulation hav- 
ing a resistance ratio of about 4.6, i.e., kins = 0.109 Btu/(ft*) (hr) 
(deg F/ft). 

It must be pointed out that the method is dependent on the 
uniformity of the sheet electrical conductivity in all directions. 
This has been a problem and various materials have been studied 
from this point of view. In addition, an analysis by this method 
ean be no better than the original assumed data and physical 
properties. Also receiving further consideration is the require- 
ment that the resistance ratio for mesh in all directions should 
be the same. This is somewhat dependent upon the accuracy of 
cutting and duplicating the mesh. Present investigations show 
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an apparent deviation of less than 5 per cent, It should further 
be noted that the model for multiple thermal conditions may also 
be built up by using different component materials such as sheet 
of different unit resistance, with or without mesh.  Experi- 
mental studies are also being continued, for comparative 
purposes, on the application of the fluid model to this type of 
problem. 


MutriepLe Mareriats sy TANK Mertruop 


The extension of the geometrical analogy in steady-state flow, to 
cover fluid boundary resistances as well as multiple materials of 
different relative conductivity, has been undertaken for the tank 
(electrolyte) method and will be reported on in detail at another 
time. Here the solid boundaries of the structure are associated 
with a thermal-film resistance. This is represented by tank-wall 
electrodes, having electrical resistances interposed between them 
and the electrical potentials representing the fluid temperature 
levels. 

The problem of altering the electrical resistance of the liquid 
bath according to the fixed pattern of the actual structure is quite 
important and accordingly has been studied in detail. The 
liquid bath, it must be remembered, is conductive by virtue of its 
behavior as an electrolyte. Salt solutions such as NaCl, ete., 
take care of this requirement. But for different unit resistances 
in different parts of the tank, in effect a different material must 
be present. This can be realized to some measure by using sand 
or other porous material for the more resistive sections of a 
structure, the electrolyte penetrating the porous material in its 
fixed location. 

More promising results have been obtained in another manner. 
The goal in the ideal is to have material combinations whose pro- 
portional resistances can be adjusted at will, to cover different 
physical characteristics of structural materials. The use of a 
solidified-jelly bath (about 1 in. deep) with different amounts of 
dissolved salt is proposed for this purpose. The jelly is liquid at 
temperatures somewhat above atmospheric, and different 
amounts of salt may be dissolved in it while it is in the liquid 
form. 

As a practical operation, different material combinations 
may readily be made up by using plain salt solution against a 
solid-jelly mass. Different shape configurations may be cut out 
of the solidified-jelly mass to conform to the actual structure 
shapes. The jelly, a semirigid solid mass, is still soft enough to 
permit the penetration of an exploring potential probe. 

Fig. 5 shows alternating-current results (potential versus length 
of path) for a test cell originally containing one solid-jelly mass 
between its end electrodes, as well as the results with the middle- 
third solid section cut out and replaced by a liquid electrolyte of 
different conductivity from the solid. The sharp change of slope 
clearly shows the differing possibilities in the analysis of complex 
tlow systems. 

The present method offers possibility in handling numerous 
complex flow problems in different fields of stable flow on a simple 
basis. One problem of interest in this connection is that of ex- 
tended surface. 

Another is that of diffusion. Still another is involved in some 
aspects of fluid flow. The equipment required is not complex, 
and the general advantage of geometrical similarity to actual con- 
figurations makes it an attractive working tool. 
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Discussion 


G. M. Dusinperre.* The writer has favored the “relaxation” 
method for solution of most steady-state heat-conduction prob- 
lems. But where the geometry is complex, a close network is 
needed and the work becomes rather tedious. Also, if a plot of 
the isotherms is required, we must interpolate over the network. 
Though this last step is not difficult, the electrical analogue avoids 
the necessity for it. Thus the ingenious methods developed by 
the author have certain definite advantages in this field of applica- 
tion. 

One may question the accuracy of the use of a thick layer of 
isotropic conducting material to represent the effect of a convec- 
tive air film. The model permits a heat transfer parallel to the 
surface, equally with the normal direction, and this would not 
appear to be correct for the actual film. 


Max Jaxon.‘ The paper under discussion shows that the 
possibilities to develop or modify analogy methods for heat-flow 
determination are not exhausted as yet. However, the author 
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KAYAN—AN ELECTRICAL GEOMETRICAL ANALOGUE FOR COMPLEX HEAT FLOW 


seems to have overlooked that Awberry and Schofield’ ®7 have 
previously used the electric resistance of a thin metal sheet, cut 
geometrically similar to the cross-sectional area of a wall, to find 
the thermal resistance of that wall. An ingenious modification 
of this method is also due to Schofield.“.7 Since the flow and 
equipotential lines cross each other perpendicularly, he measured 
the electrical resistance of the model in the direction of the equi- 
potential lines of the original in cases where the resistance along 
the flow lines of the original was much smaller than perpendicular 
to them and would have been difficult to measure exactly. 

In general, the writer would prefer continuous sheets of differ- 
ent thickness to mesh sheets. An advantage of the model method 
with solid sheets, compared to the relaxation method, is the per- 
fect geometrical similarity between object und model, whereas a 
web approaches geometrical similarity less well than the ideal 
web used in the relaxation method. However, if local differences 
in the thermal resistance of a wall are to be imitated, this may be 
done efficiently by punching holes of appropriate size at corre- 
sponding places of the model. A wall built up from hollow 
bricks would be such a case although the merit of the method 
should be greatest when irregular and singular differences in the 
resistance are to be imitated. The change of thermal conduc- 
tivity of the material of a wall with temperature through the 
wall may also be dealt with in this way. 

In addition to the previous electrical analogies quoted in the 
paper, the writer would like to mention that he used a magnetic 
analogue’ as early as 1914. An electromagnet was made having 
a core of sheets which were cut to size so that the poles imitated the 
shape of the surface of the object. Cardboard, cut geometri- 
cally similar to the cross-sectional area of the object, was placed 
between the magnet poles and covered with iron filings. The 
magnetic-force lines formed by the iron filings, after excitation 
of the magnet, imitated the thermal flow lines and were used to 
determine the heat conduction. 


Vicror Pascukis.® The author should be commended for 
bringing into literature a tool which is so frequently used today 
but of which little has been written in American literature. 

The use of electrical analogy between heat flow and electric 
current for the analysis of steady-state problems, based on a 
geometrically similar model, has undergone a long development 
between its inception by Langmuir and the present status. It may 
be of interest to review briefly some of the intermediate steps. 
In so doing it should be kept in mind that the analogy holds for 
any field to which the Laplace equation may be applied. 

In 1922 N. N. Pavlovski (Leningrad) applied this method to a 
study of the flow of water under hydraulic constructions. Also in 
1922 Puppini (Bologna) used electric models for the same purpose.” 

In 1933, C. B. Biezeno and J. J. Koch described the application 
of the geometric analogue to stress analysis.‘' This method was 


6’ “Effect of Shape on Heat-Loss Through [nsulation,’’ by J. H. 
Awberry and F. H. Schofield, 5th International Congress on Re- 
frigeration, 1928. 

***The Heat-Loss From a Plate Embedded in an Insulating Wall,” 
by F. H. Schofield, Philosophical Magazine, series 7, vol. 10, 1930, 
pp. 480-500. 

7™The Heat-Loss From a Cylinder Embedded in an Insulating 
Wall,”’ by F. H. Schofield, Philosophical Magazine, series 7, vol. 12, 
1931, p. 329. ° 

5*‘American Heat Flow Measurements Using the Twin-Plate 
Method,” by Max Jakob, Zeitschrift fiir die gesamte Kilte-Industrie, 
vol. 29, 1922, pp. 83-87. 

* Research Associate, Department of Mechanical Engineering, 
Columbia University, New York, N. Y. 

© “Modelli Elettrici per lo Studio Della Acqua Filtranti,” by 
Puppini, Bologna, Monitore Teenico, vol. 28, 1922, p. 209. 

Uber einige beispiele zur elektrischen Spannunggsbestimmung,” 
by C. B. Biezeno and J. J. Koch, Ingenieur Archiv.. vol. 4, 1933, pp. 
384-393. 
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again described by H. Meyer and F. Tank."* In 1937, B. Finzi- 
Contini (Milan) published an article on the application of this 
method to heat flow." 

In the same year C. L. Beuken (Maastricht, Netherlands) pub- 
lished some work on development based on Langmuir’s tank 
method." Finzi-Contini and Beuken, apparently working inde- 
pendently of each other, developed « method allowing the intro- 
duction of boundary conductance. The continuous electrode a 
applied by Langmuir is replaced by a number of individual elec- 
trodes, each connected with a resistor which may be equal if the 
boundary conductance is to be assumed constant or can by the 
trial-and-error method be adjusted to the potential at the elec- 
trode; it then simulates a temperature dependency of the bound- 
ary conductance. It should be noted that Finzi-Contini men- 
tions work with India ink, with mixtures of carbon and graphite, 
and with a gelatin containing electrically conducting powders. 
Without giving details, he states that these methods did not give 
so good a result. He also tried to reproduce different conduc- 
tivities by applying tanks of different depths but found that if 
the depths were too different the analogy to heat flow was no 
longer close enough; or to be more precise, replacing change of 
conductivity by change of cross section is permissible only within 
limits, 

The author mentions meshing in order to represent a higher 
thermal resistivity. His method is a definite improvement as 
against Bruckmayer. From Bruckmayer’s paper it would appear 
that the conductivity perpendicular and parallel to the direction 
of main heat flow are not the same, at least in the “cork part.” 
Kayan’s method provides for equal conductivity in both direc- 
tions of flow. Bruckmayer’s method may be simpler and may be 
acceptable if conductivity in one direction can be neglected. 
Otherwise Kayan’s method seems preferable. Bruckmayer uses 
copper connectors for introducing the current to the tinfoil and 
places the tinfoil and the copper connectors on linoleum, and 
finally the entire assembly on a board. By bolting the metal to 
the board he claims to get intimate contact between copper and 
tin, 

It may be of interest to note that Bruckmayer"® recently de- 
scribed the application of his method for a problem quite closely 
related to that dealt with in the paper, namely, the investigation 
of thermal short circuits in refrigerated spaces. 

The author points out two dangers inherent in the geometric- 
analogy method. One is the possibility of uneven thickness of 
resistivity of the metallized paper. It is mentioned that the re- 
sistivity across the paper was measured in length and width and 
that the difference was 5 per cent. If irregularities do occur, it is 
not sufficient to measure over-all resistance in two or three direc- 
tions, because a local change in thickness at critical points may 
spoil the entire measurements. The other is the necessity of 
cutting the perforations very accurately. In the example men- 
tioned, the web was 0.2 in. wide; a change in thickness of 0.02 in., 
which certainly is within possibility, would cause an error of 10 
per cent. It appears dangerous to represent high resistivity by a 
material of low resistivity using very small cross sections. 

The author of the present paper mentions also the “heat and 


12 “Uber ein verbessertes elektrisches Verfahren zur Auswertung 
der Gleichung A @ = o und Seine Anwendung Bei Photoelastischen 
Untersuchungen,” by H. Meyer and F. Tank, Helvetica Physica. Acta, 
vol. 8, 1935, pp. 315-317. 

13**Un modello elettrico,”” by B. Finzi-Contini, Milan, Jl Politec- 
nico, vol. 85, Sept., 1937, pp. 291-298. 

“4 “Die Wirmestrémung durch die Ecken von Ofenwandungen,”’ 
by C. L. Beuken, Wdarme- und Kaltetechnik, vol. 39, 1937, issue 7, 
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“Elektrisches Modellmessverfahren zur Warmebriickes im 
Kithlraumbau,” by F. Bruckmayer, Zeitschrift des Vereines deutacher 
Ingenieure, vol. 88, May 13, 1944, pp. 270-272. 
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mass flow analyzer” at Columbia University and gives a brief 
description of it. The network analyzer and the geometric 
analyzer both have their useful fields of application. For in- 
vestigations of one single problem probably the use of the geo- 
metric analyzer is less expensive, provided the necessary measur- 
ing equipment is available and provided the afore-mentioned diffi- 
culties can be overcome. If, however, a series of investigations 
has to be carried out with only minor changes either in properties 
or in geometry, then the circuit set up on the network analyzer 
(heat and mass flow analyzer) remains almost the same and the 
only necessary changes are settings of the resistors. In that case 
work on this type of equipment would appear preferable because 
the actual measurements are at least as fast on the network 
analyzer as on the geometric analyzer and the change of setting of 
resistors is certainly faster than the preparing of new geometric 
analogues. 

In comparing the two methods of electrical analogy it should 
be kept in mind that the accuracy of the elements of the circuit 
in the case of the lumped (network) method is easily measurable 
and not subject to change from one experiment to the next, 
whereas in the geometric-analogy method the accuracy (even 
thickness and precise cutting) has to be ascertained in every 
case anew. 


R. G. VANDERWEIL.'® We made a thorough investigation as 
to the behavior of building structures heated by tubes (panel 
heating); and the time required for building and testing the 
panels would have been reduced to a fraction if the panels could 
have been “cut out of paper,” and the readings taken in volts. 
There is one point, however, the writer would like to note. The 
boundary layer in this system is replaced by a layer of “building 
material” of constant thickness (author’s equation) 


Now, we have found in tests that the equivalent thickness of 
the actual boundary layer does not only vary with the average 
surface conductance of the film h,, but also with the direction of 
the heat flow near the surface of the slab. Wherever the heat flow 
at the slab surface is essentially perpendicular to this surface 
Equation [4] of the paper is in excellent agreement with panel 
test results, but at points where the heat-flow lines within the 
panel intersect the slab surface under an angle much smaller than 


16 Office of Consulting Engineer, Chase Brass & Copper Company, 
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90 deg, the actual equivalent thickness of the boundary layer 
seems to be smaller than the computed thickness L,. Applied to 
Fig. 3 of the paper, this would indicate that all readings along 
the center part of ceiling and floor will be in good agreement with 
actual conditions but readings taken near the intersection of 
ceiling and wall as well as floor and wall may be off for 10 per cent 
or more. By comparing the measurements on the actual slab 
and on the electrical analogue it may be possible to compensate 
for this inaccuracy by changing the thickness L, near the corner. 


AuTHor’s CLOSURE 


The author wishes to acknowledge, with appreciation, the con- 
tributions of the discussers, particularly those of Dr. Max Jakob 
and Dr. V. Paschkis in providing the additional citations for am- 
plification of the brief list of fundamental references given in the 
paper. They round out the history of the electrical analogy for 
the American literature. 

As pointed out directly at the beginning of the author’s paper, 
the general method is not new and stems from the Langmuir de- 
velopment cited. However, the additional references, dealing in 
the main with relatively simple cases, serve to emphasize the point 
brought out in the paper that the present treatment was particu- 
larly devised to meet some of the shortcomings of earlier electrical 
analogies, i.e., to permit “geometrical”? analysis of complex 
cases involving multiple materials and also boundary conditions. 

Commander Dusinberre properly brings up a point on which 
the author gave some considerable thought, having been of the 
same opinion as to the possibility of crossflow in the boundary 
material, particularly at the corners. Nevertheless, upon slitting 
the conductive sheet at the corners after the final experiments, no 
perceptible changes in values could be detected, with the conclu- 
sion therefore that whereas the possibility of crossflow still exists, 
no ultimately great error need be expected. 

Likewise the point of Mr. Vanderweil, with respect to the non- 
uniform character of the film conductance h,, has merit. In the 
paper the value was assumed constant over the surface, and 
through the use of a constant value for L, a fixed distance was as- 
signed as the corresponding value of wall resistance. It is sug- 
gested that if more specific information is available for the varia- 
tion of h, over the surface, the variation may be handled by using 
the correspondingly varying value of L, along the surface. 

Finally, the author has pointed out the need for care in dealing 
with the conductive sheet method. Dr. Paschkis’s observations, 
in concurring with the author’s viewpoint, serve to emphasize the 
need for diligent procedure in using the described analogue. 
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Bending of Curved Thin Tubes 


BY LEON BESKIN,' SAN DIEGO, CALIF. 


The stress distribution in curved tubes under the action 
of applied couples acting either in the plane of curvature 
of the tube or perpendicularly to that plane greatly differs 
from the conventional beam distribution, especially in 
the case of tubes with thin walls and a great curvature 
of the center line. For that reason, curved tubes with thin 
walls are much more flexible under applied couples than 
the corresponding straight tubes. The stress distribution 
in curved tubes, and its influence on the rigidity, are ex- 
amined by the author in the case when the ratio of the 
radius of the center line to the radius of the tube is great. 
It is also shown that, when this ratio is small, the results 
relative to rigidity remain fairly accurate, while the re- 
sults relative to stress distribution are incorrect and re- 
quire a more complete analysis. 


NOMENCLATURE 


The following nomenclature is used in this paper: 

= radius of tube 

radius of center line of tube 

= thickness of tube 

= moment of inertia of tube wall, per unit length along 
center line (ribs included) 

Io = moment of inertia of a beam section 


Da 


R 
P= 
a 
I 
I I 
K = (with ribs) 
Ke 


(without ribs) 


E = modulus of elasticity 
vy = Poisson’s ratio 
M = applied moment 


Mat 
ig = maximum normal stress flow (stress X thick- 


ness) in a straight tube 
n, = normal stress flow in a curved tube, at point corre- 
sponding to no 
D = ratio between deflections of a straight tube and a 
curved tube having same section properties 
y, 2 = substitution functions (Equations [7], [83], [35]) 


First SECTION 


= angle and abscissa (Fig. 2) 

6m = angle corresponding to np, 
= normal stress flow 

%, = Maximum normal stress flow 


1 Structures Engineer, Consolidated Vultee Aircraft Corporation. 
Mem.-A.S.M.E. 
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understood as individual expressions of their authors and not those 
of the Society. 


= distributed fictitious load 
m = unit bending moment in tube wall 
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Mg, My, = unit bending moment corresponding to @ = 5 and 


b;, bs.... = constants (Equation [11 ]) 
Nm*,D* = values of n,,; D given by von Karman? 


SEcOND SECTION 


6; ¢ = angles—co-ordinates (Fig. 3) 
6m = angle corresponding to mp, 
ny = normal stress flow in direction of a meridian 
ny = normal stress flow in direction of a parallel 
q = shear flow along meridians and parallels 
W = distributed fictitious normal load 
m = unit bending moment in the tube wall 
ne, Ny, 9, W, m = maxima of ng, ng, q, W, m when ¢ varies 
(Equations [27 ]) 
Mm = Maximum of m when @ varies 
(2, ¢3.... = constants (Equation [33]) 


Turrp SecTION 


h, b = dimensions of a rectangular section 
h 


R 

s = dimensionless coefficient for stress (Equation [43]) 
s’ = approximate value of s 

I, = corrected moment of inertia, giving actual rigidity of 

curved beam 

I’ = approximate value of /, 

d = dimensionless coefficient for deflection 

d’ = approximate value of d 

o = normal stress 
k’ = radius of curvature of neutral axis of curved beam 


INTRODUCTION 


It is well known that a curved tube is more flexible under 
bending than a straight tube of the same radius and wall thick- 
ness. Von Karman has examined this problem,? representing 
the stress distribution in the tube by a polynomial of second de- 
gree of the distance to the neutral axis. 

The method presented in this paper makes use of an infinite 
trigonometric series which converges very rapidly and gives an 
exact solution of the problem in the twoecases of bending in the 
plane of curvature of the center line and bending perpendicular 
to that plane. This analysis is theoretically valid only in the 
case when the ratio of the radius of curvature to the radius of the 
tube is great. The influence of that ratio on stress distribution 
in curved beams and on their rigidity is examined in the third 
section of the paper. The analysis applies only to tubes of 
uniform thickness, with a constant radius and a constant curva- 
ture of the center line, made of an isotropic material. 

The results can be extended to the case of a thin tube with 
closely spaced ribs, replacing the ribs by a uniformly distributed 
moment of inertia equal to the moment of inertia of one rib 


*“(ber die Forminderung dinnwandiger Réhre, insbesondere 
federnder Ausgleichréhre,” by Th. von Karman, Zeitschrift des Ver- 
eines deutscher Ingenieure, vol. 55, 1911, p. 1889. 
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divided by the distance between ribs, measured along the center 
line of the tube. 


FIRST SECTION 
BENDING IN PLANE OF CURVATURE 
When a curved bar is submitted to a couple in its plane of 
curvature, transversal forces appear, which are caused by the 


hoop effect due to longitudinal forces which follow curved paths, 
Fig. 1. Ina solid beam, these forces produce stresses which act 


Fia. 1 


in a direction perpendicular to the main stresses, and which can 
generally be neglected. In a tube, Fig. 2, these forces produce 
bending in each cross section. a being the radius of the tube, n 
the longitudinal force per unit length of are (normal stress flow), 
the resulting moment M is 


2r 
M = asin@nad@ = n sin@dé...... 
0 0 


The radius of curvature of the center line is R, and the radius of 
curvature of a parallel of the tube defined by the angle @ is 
R+asin6. The hoop effect produces a component p equal to 


n 


R + asin@ 


Fia. 2 


In the following, a sin @ is neglected in comparison to R when 
added to it; thus : 


The shear flow in the tube due to the forces p is perpendicular to 
the plane of curvature and has the value 


a 


dm 
It is equal to — an’ m being the moment acting per unit length of 


tube wall, and z being the abscissa along the radius, Fig. 2. Re- 
placing z by a cos @ it is found that 
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and substituting p from Equation [2 | 


R d an) (4 
n= | 


In order to find the distribution, the minimum strain energy 
due to moment m and stress flow n is determined. That strain 
energy (per unit length along the center line) is equal to 


3 a 5] 


in which ¢ is the thickness of the tube and / is the moment of 
inertia of the tube, or the average moment of inertia of the tube 
with reinforcing ribs, 


Introducing 
(6) 
R*] 
a‘t 


The minimum of Equation [5], can be replaced by the minimum 


of 
vos ff 
0 


in which y is defined by the following relations, resulting from 
Equations [1] and [4] 


d 1 
ym — .. [9] 
dé \sin @ dé 


0 


The function y can be represented by the following trigonometric 
series 


y = 2sin + 6b; sin 30 + 10b;sin5@¢+ ...  ... 


in which the first coefficient 2 is defined by Equation [10]; then 
from Equation [9] 


20 40 08 60 
2 4 6 
[12] 
Furthermore 


K2 f = 4K*r(1 + + 25b,2 + ...).... [13] 
0 


In order to find the minimum of Equation [8] its derivatives 
with respect to by, bs, b;... are calculated and equated to zero; thus 


dm bs —1 b; — b; } 
de 6*K%>, + —— - =0 
| 
which can be written 10°K2b; + = @ [15] 


(4n + 4, + 


ben +1 — Dan —1 Don +1 Din 
(2n)? (2n + 2)? 


hes 

— 

ip 

M 

? 

2 .. [8] 

: d 1 dm 

dé\sin@ dé 
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The foregoing equations can be written in the following form 


as 1 bs 1 
2 - -- | 
1 1 bs b; | 
"9 — - ——— 
(1008 16 | 
[16] 
1 1 ban 1 
| 
(2n + 2)? ) 


If be, + 3 is taken equal to zero, ben +1 can be determined as a func- 
tion of 


1 
| = 
n? 4(n + =| (2n)? 17} 
Then, using this expression for the elimination of b2,41 from the 
equation giving as a function of benz 41, it is found 
that 


ban - 
bin +1 | son + 1)*K? + + 


1 1 
bon-1 | 4(2n — 1)2K? 
4(n—1)? + 4n? 
(2n)* 1 1 4(n — 1)? 


4(2; 1)2*A2 
tan? 


The negative term in bz,—1 is the correction due to the fact that 
ben+1 is different from zero. The error introduced by the ap- 
proximation be, +1 = 0 is given by the ratio of the negative term 
to the positive terms; approximately, it is 

1 


For instance, introducing. the condition that the error be 
smaller than | per cent 


1 
29n = 22K = 
32n'K? + 1 = 5; n?K 


This means that the last value 2n + 1 to be used is 


Table 1 gives, in function of K varying between 0.01 and 1, the 
following quantities 


(2n + 1)ba, +1 (coefficients of y or n) 


(ben 
2n 


ben ~1) 


- (coefficients of z or m) 


The values of the coefficients b being known, the following 
quantities are determined: 

(a) Longitudinal stress flow n, at the apex (@ = 90 deg). It is 
proportional to y given by Equation [19]. The ratio of the stress 
at the apex to the stress for a straight tube, all coefficients b equal 


n 
to zero, is given under —* — stress at apex. 


(b) Maximum longitudinal stress flow n,,._ This stress flow is 


OF 


CURVED THIN TUBES 


7 
defined by the maximum of y. Ratio —" — maximum stress 
™ 


gives these values. 

(c) Angle 6, corresponding to the maximum longitudinal 
stress. That angle corresponds to the maximum of y, and its 
approximate value has been determined. 

(d) Moments in the wall thickness; m, at apex and m, at 
Table 1 gives the ratios =—, —*, when 


M’*’ M 
M 


4nR 


the neutral axis. 


the tube tends toward a straight tube, m, = —m, = , isthe 


asymptotic value. 

(e) Apparent rigidity; the rigidity EJ» of a straight tube being 
taken as a unit, the ratio D of the actual deflection to the deflec- 
tion of the corresponding straight tube is given by 


The index s being placed for straight tube. The value of D is 
D = 1 + 9(b3)? + 25(bs)? + ... + (2n + 4:1)? +... 4+ 


a b;)? (bs bs)? (ben Dan +1)? 


EI 
The apparent rigidity of the tube in bending is = in which 


To = rat 

Fig. 3 is a chart giving the values of all the foregoing coefficients, 
plotted as functions of K. The values given by von K4rm4n? are 
also plotted; they are 


1 
3° 
4 
in which 
6 


~ 5 + 6(tR:a2)? 
It is to be noted that without ribs 
a@Nt 42/120 
and 


6 
P54 

It appears that for a fairly wide range, von Kaérmdén’s expression 
for rigidity gives a very good approximation (K > 0.10); the 
expression giving the stress is satisfactory in the range 0.5 > K > 
0.05, but as it is obvious that n», < mo, the formula gives all re- 
quired information for K > 0.05. 


SECOND SECTION 
BENDING Out or PLANE oF CURVATURE 


The surface of a curved tube constitutes a tore represented in 
Fig. 4, which indicates the notations used. If the tore is con- 


) 

2s 

0 8 

4(32n*K? + 1)? 
n = = —— 
VK28 VK 
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5 


0 
0.5 
0 


1 
1 

90° 

0. 


0.0207 
0.4965 
0.0017 
0.9793 
0.9793 


90° 
0.4982 


0.0321 
0.4946 
0.0027 
0.9679 
0.9679 
—0.484 —0.4913 —0.4948 


90° 
0.4973 


0.0634 
0.4894 
0.0053 
0.9366 
0.9366 


90° 
0.495 


0.1234 
0.4794 
0.0103 
0.8766 
0.889 
74° 
0.490 
—0.469 


0.4608 
0.0194 
0.0001 
0.7678 
0.881 


51° 
0.48 


—0.441 


0.4286 
0.0351 
0.0003 


0.464 


—0.394 


0.3787 
0.0588 
0.0012 
3.36 
439 


(no ribs) 


0.10 
0.01 
0.3130 
0.0881 
0.0036 
1.680 


12(1 — v?) 
0.080 
0.0064 

ComMMON COEFFICIENTS 
0.0065 


0.0001 


BENDING OF CURVED THIN TUBES 


Rt 
a? 
0.056 


0.0032 


0.0005 
COEFFICIENTS FOR BENDING IN PLANE OF CURVATURE 


TABLE 1 
COEFFICIENTS FOR BENDING OuT oF PLANE OF CURVATURE 


0.0016 
0.0273 


0.040 
0.308 


I (with ribs); K = 


t 


275 


25.0 


0.220 


199 


—(en + c13)/12 


/4 = —(cs + cs)/4 
(bis — b1s)/14 = (crs + cis)/14 


(1 — b3)/2 = (1 + cs)/2 
D (deflection coef) 

2xRmn/M at neutral axis) 

bu of moment) 


Om (angle at max stress) 
2xRme/M (at apex) 


llbyn = —llen 
13hi3 = 13ci3 

(bs — bs 

n/ne (stress at apex) 
nm/no (max stress) 
n/no (stress at apex) 


sidered as a membrane, the following stress flows can be defined: 
ne = normal stress flow in direction of a meridian 
ng = normal stress flow in direction of a parallel 
q = shear flow along meridians and parallels. 
The equations of equilibrium of the tore submitted to the 
action of normal pressures HW" are 


ny 


= 
a R—acos@ 


(the principal radii of curvature are a and —_ Equation 
cos 


{21] represents the equilibrium along the normal). 


1 One 1 oq (ne — ng) sin 0 

a 00 R —acos [22] 


de R—acos0 aoe R—acos 


(Equations [22] and [23] represent the equilibrium in the tangent 
plane, along the meridian and the parallel). If a bending 
moment is applied on a section of the t--- this bending moment 
becomes a torque at the section at 90 deg from the section of 
application and bending at a section at 180 deg. The bending 
moment Mx, and the torque Mp can be expressed as follows in 
function of the applied moment M 


Ms; = Mcos¢; Mr = Maing........... [24] 


It appears that, if conventional stress distributions are used, 
the local equilibrium is not satisfied; i.e., Equations [21], [22], 
[23] cannot be satisfied without surface load (W = 0). The 
equations can be satisfied with a surface load W, which has a 
zero resultant in each section, and the load —W will produce 
bending in the surface, the local bending moment m being related 
to W by the well-known relation for a circle 


>? 
(Torsion and bending which exist between adjacent sections are 
R, 
neglected; this is justified if p = = is great.) 


As the equilibrium is made for a slice limited by two meridians 
forming an angle d¢, the foregoing expression must be corrected, 
since m and W are taken per unit length, and introducing the are 
(R — a cos 0)dy, Equation [25] becomes 


d*[m(R — a cos 4) ] 


+ m(R —‘a cos 0) = a®W(R — a cos@). . [26] 


From Equation [24], it can be deduced that all flows and moments 
will be of the same type as Mg and My. There will be no terms 
in sin ng, cos ng, since those terms are not necessary for the equi- 
librium and give supplementary strain energy, without decrease 
of the first harmonic. 

Introducing quantities q, ne, ny, W, m, functions of 6 only 


q = sin ¢; Ny = Ng COS Y; Ny = Ny COS Y 
W = Woos¢; m = [27] 


Eliminating W, fictitious surface load, Equations [21], [22], [23], 
[26] become 


q + sin ng) _ 
a R—acos@ 
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Rt 
VALUES OF k= 


Fic. SHowinc BENDING or THIN CurveD TusBEs IN PLANE AND or PLANE; COEFFICIENTS OF STRESS, DEFLECTION, 
MOMENT IN THE WALL 


Curves 
1= D 4 = 2xRmm/M (out of plane) 7 = nm/no (in plane) 10 = 1/2k ; 
2 = D* 5 = n/no (out of plane) 8 = nm*/no 1l = zero axial stress at apex 
3 = 2xRmn/M (in plane) 6 = n/no (in plane) 9 = 1/3k%7 (in plane) 
* Note: Values marked (*) are calculated by means of the formulas given by Th. von Karman. 
Ny 1 dq 2q sin 6 P (29) The only important membrane stress flow containing unknown 


coefficients is ny, stress flows ne, q being of the order of p; order 
which is neglected. Then, omitting the terms of even rank by 
reason of symmetry 


R—acos@  adé R —a cos ~ 

i? —acos 

de? 


M 
— —, (sin + 3ersin 36 + Ses sin 50 + ... + neq sin nd + ..) 


Term q is taken as the principal unknown and is expanded into 


a trigonometric series M y .. [33] 
2a M 
q = | 1—— (ce. cos 26 + cos 30 + .... +c, nO + ..) 


The constant coefficient corresponds to a straight tube. There 
is no term in ¢ cos @ which gives a general axial resultant, and by d?m M 3 ' 
reason of symmetry, no term in sin Successively using ™+ = E 2 sin 20 + 
Equations [29], [28], [30], quantities ne, and m are deter- 


1) i (n—1)0 


n 


mined. In the same manner as for bending in the plane of the 1 i 
ring, @ cos @ is neglected when added to R, and the equations are (; 
reduced to M sin 20 sin(n—1)@  sin(n + 1)0 Mz 
ng = = + 29 sin 6; “ = 2 +20 ( ea )|- 
[32] — 
d?m 
= +m = a(ng — Rie 08 0) The coefficients c, are determined by making the strain energy 


> 
a 
‘ 
3 


A-6 


corresponding to m and n minimum; this means that the follow- 
ing quantity is to be made minimum 


2a t 
0 T Jo 


which can be replaced by 


in which y and z are defined by Equations [33] and [35]. It is 
obvious that y defined by Equation [33] is the same as y defined 
by Equation [10], provided 6, is replaced by c,; z is also of the 
same type as in the first section of the paper; thus 


sin 20 
2 


1+ + + *) | 
= «| (148 + + +.. |[41] 


Equations [40], [41] are identical with Equations [13], [14] pro- 
vided 


(—1)"ben +, 


Thus the values of the coefficients c are obtained from the values 
of the coefficients b previously determined. Table 1 gives the 
values of coefficients c and of the following quantities: 

(a) Maximum longitudinal stress flow ny = n, at the apex 


.. [42] 


= —b;, Gg = bs, Con+, = 


( = ‘), It is proportional to y given by Equation [38], and the 
ratio of the stress at the apex to the stress for a straight tube is 


nN, 
given under ‘“‘-* — stress at the apex.” The stress at the apex 
Ne 


is the maximum stress since for @ = 9” all coefficients of the series 


giving y are positive. 
(b) Maximum moment in the thickness. It corresponds to z 
maximum. The ratio gis maximum moment gives 
M 


those values. The asymptotic value is mp, = GR 
us 


(c) Angle corresponding to the maximum moment. It has 
been determined approximately (2 angles 0, and + — 6, corre- 
spond to the maximum moment). 

(d) Apparent rigidity; the rigidity in torsion is practically un- 


changed, if p = — is large. The rigidity in bending is decreased, 
a 


and the ratio D of the actual deflection to the deflection of the 
corresponding straight tube is given by Equation [19]. It im- 
mediately appears that D has the same value as in the first part. 


n 2rRmyp, 
Values of —*, of the maximum moment — 77 


efficient of deflection D are plotted on the chart, Fig. 3. 
THIRD SECTION 


, and of the co- 


VALIDITY OF ASSUMPTION THAT Ratio p Is GREAT—CORRECTIONS 
FOR SMALL VALUES OF p 


The only dimensionless factor used in the previous analysis is K 
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Rt 
al and the calculation is made assuming that p is sufficiently 
a 


great so that the difference of length along the inner and outer 
circumferences can be neglected. This means that the hyper- 
bolic distribution for curved beams (strength of materials), or 
the correct distribution given by the theory of elasticity, are dis- 
regarded, and for a given value of K the results of the study are 
valid only for a very great value of R and a very small value of t. 
For a given value of K, when R decreases and ¢ increases, the 
results become erroneous, but it will be seen hereafter that, while 
stress distribution is incorrect when p is small, the value of 
rigidity is satisfactory, even for very small values of p. 

This can be checked by application of the general expressions 
for bending of curved bars, given by Timoshenko.* At the same 
time some conventional formulas repeated by many authors are 
examined; those indicated by Niles and Newell‘ being taken for 
reference. 

Distribution of Longitudinal Stresses in Curved Beams. Timo- 
shenko shows that the hyperbolic distribution gives a fairly good 
approximation in the case of a rectangular section. For both 
faces of the beam, Table 2 gives the numerical values of the co- 
efficient s, relating the stress o to the depth h and width b of the 
beam and the moment M applied to the beam for different 


values of \ = 


Values s are the correct values given by the theory of elasticity, 
while values s’ are given by the hyperbolic distribution; indices i 
and e stand for interior fiber and exterior fiber, respectively. It 
appears that the hyperbolic distribution can be always applied for 
practical purposes when only determination of stress is involved. 

Rigidity of Curved Beams. Timoshenko gives for a complete 
ring® the value of the moment necessary to close a gap a in the 
ring. Replacing a and 6 of his formula by R and h (Fig. 5) 


h? 
M h?R? | ( log 2k — 


aEb 


Introducing a moment of inertia J, defined by 


2rRM 
it is found 
4hl, h? 
or 


bh3 
If R is equal to infinity, /, is equal to ~ i Ty which is the value 


corresponding to a straight beam. : 
For \ < 2, ie., for h < 2R, which is the only actual condition, 
Equation [45] can be expanded in series 


“Theory of Elasticity,’ by 8. Timoshenko, first edition, MeGraw- 
Hill Book Company, Inc., New York, N. Y., 1934, p. 58. 

4**Airplane Structures,” by A. 8. Niles and J. 8S. Newell, third 
edition, John Wiley & Sons, Inc., New York, N. Y., 1943, p. 257. 

5 Ref. (3), p. 61. 

® Ref. (3), Equation [h], p. 66. 


. y = 2sin 6 + 6e; sin 30 + .... + 2ne, sin nd + ....... [38] 

sin 40 sin 60 

z= | + ¢3) + (cs + ¢s) += (e+ +.... [39] 

= 4K2(1 + 9c;? + + .....).... [40] 

0 
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hs 2: h2 
7X 30 30k? d 
Values of d calculated from the complete formula are given in 
Table 2. Niles and Newell, after Fuller and Johnson,’ use for 
coefficient of rigidity E/’ of a curved beam the expression* 


in which M is the applied moment, A the area, and C a numerical 
coefficient function of the cross-section dimensions and the radius 
of curvature of the center line. It is to be remarked that the 
quantity M is negligible in comparison with AER. For instance, 
assuming « = 180,000 psi, E = 30,000,000 psi and R = h 


M obh 2 o 1 


AER 6bhEA 6E 1000 
This shows that the correction introduced by M in denominator 
of Equations [17:10], [17:11 ]* can always be neglected. 
Then the apparent moment of inertia /’ is given by the simpli- 
fied expression 


I’ = AR*C 


The value of C, as given by Niles and Newell, yields the following 
expression for J’ 


2k +h 
Expanded in series it gives 
hs 3h? hs 
20R? ) d’ [49] 


Comparing Equations [46] and [49], it appears that the rigidity 
decreases when the radius decreases when the correct Equation 
[46] is used; on the contrary, the rigidity increases when the 
approximate Equation [49] is used, which leads to the rejection 
of that formula. 


From Table 2, it appears that using the value J = 12 for a curved 


beam as well as a straight beam, the error is 5 times smaller than 
using the conventional formulas of strength of materials for 
curved beams. The main reason of that discrepancy is the fact 
that the stresses perpendicular to the main stresses are ignored 
in strength of materials. It is to be noted that the corrections 
for deflections 


6 Ix; 6 
= j= 


which introduce the effect of the extension of the neutral axis, 
can be omitted if the integrations for the calculation of deflections 
are taken along the neutral axis of the beam, and not along the 
central axis. In such case, the moment of inertia is to be multi- 


M 


d 
EAR” 


* “Applied Mechanics,” by C. E. Fuller and W. A. Johnson, John 
Wiley & Sons, Inc., New York, N. Y., vol. 2, 1919, p. 424. 
5 Ref. (4), Equations [17:10], [17:11], p. 263. 


OF CURVED THIN TUBES 


TABLE 2 BENDING OF CURVED BEAMS 


Error Error Error Error 
R ~—Defiection d d Stress ~ Se 
h d d’ percent percent 8i Se 8’i 8’e per cent per cent 
1 12.46 10.14 18.6 3.7 9.164 4.518 9.141 4.380 —0.3 —3.0 
2 12.10 11.55 4.5 0.8 7.217 5.148 7.208 5.119 —0.10 —0.6 
5 12.01 11.94 0.5 0.1 6.430 5.626 6.427 5.622 —0.05 0.1 
10 12.00 11.99 0.1 0.0 6.208 5.807 6.208 5.804 —0.00 0.0 
x 12 12 0 0 6 6 6 0 0 


plied by the ratio R’ R’ being the radius corresponding to the 


neutral axis, in order to take into account the change of the are 
of integration which is taken along the neutral axis. For a thin 
tube, the radius R’ is given by the following expression, found by 
application of methods of strength of materials, and assuming 
that the thickness of the tube is such that no appreciable redis- 
tribution of load occurs due to the bending in the thickness of the 
tube 

2xR 


dé 
a cos @ 


R’ = ~ or R’ = VR? — a? 


0 R 


It is to be noted that these results are only approximate, since 
extension due to radial stresses is not taken into consideration. 
For instance, for a rectangular section of depth h, methods of 
strength of materials define a neutral line corresponding to a 
radius 


If radial stresses are taken into consideration, the line of zero 
extension, which is not the neutral line (line of zero stress), is 
defined by 


thus, the correction of stress of materials is erroneous by about 50 
percent. The difference between R’ and R is generally negligible 
and decreases for very thin tubes; if it is taken into consideration, 
it is necessary to correct the values of stress and rigidity for small 
values of p. 


CONCLUSIONS 


Assuming that the results for rectangular sections can be con- 
sidered as a good indication for tubes, it appears that the assump- 
tion that the ratio p is great is not satisfactory for determination 
of stress distribution, when p is smaller than 10, (corresponding to 


R R 
h smaller than 5; for h = 5, the error is 7 per cent). 


On the contrary, the rigidity is practically unaffected by the 
value of p when the dimensions vary in such manner that Rt is 
constant, and the only factor which determines the rigidity is the 
quantity K. That result applies for p greater than 4, and if a 
very great approximation is not required, for p greater than 2, 
which practically covers all the applications of curved tubes. 


GENERAL RESULTs 


Table 1 and the chart, Fig. 3, give various coefficients pertain- 
ing to the bending of curved tubes in function of the dimension- 
less quantity K. The decrease of rigidity due to curvature is 
given by the coefficient D, and the maximum stress and maxi- 
mum bending moment in the tube wall are plotted for both condi- 


tions of bending in the plane of the tube and out of the plane of 
the tube. 
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The Structural Efficiency 
of Wing Covers 


By A. F. DONOVAN,! MARTIN GOLAND,? ano J. N. GOODIER?® 


The paper seeks to establish rational criteria for evaluat- 
ing the structural efficiencies of sheet-stiffener combina- 
tions and alternative constructions used for wing and other 
surfaces, and to determine the suitability of the available 
materials for panels of various proportions. The efficiency 
criteria require the determination of the ideal construc- 
tion for such panels, and this is carried out. It is found 
that the primary requirement of the “‘best’’ material for 
the ideal design is a high strength-weight ratio (yield 
stress-density). A diagram (Fig. 5) is given to determine 
readily the weights of panels of ideal design made of vari- 
ous materials, all to carry the same load. In general one 
material is better than another only for a limited range of 
panel proportions. 


INTRODUCTION 


HE question of how to choose the best material and the best 
eo of construction for stiffened wing covers has been much 
debated in recent years. What is required of course is the 
lightest cover which has the required strength, and the complexity 
of the question arises from the difficulty of preventing structural 
instability under compression. In the absence of rational cri- 
teria, various materials have been put forward as superior to all 
others, the claim for each resting on a new view of what the 
properties of the ‘‘best”’ material have to be. As to type of con- 
struction, it has often been assumed obvious that the ideal form 
is pure monocoque, with all stiffening elements discarded. 
Among the inadequate criteria advanced to establish the merits 
of a material is one which may be called “‘flat-plate rigidity.” 
Thus since a plywood plate has a flexural rigidity which is many 
times greater than that of an aluminum-alloy plate of equal 
weight, it has been argued that wood is superior where structural 
instability must be considered. This ignores the fact that un- 
supported flat panels (a panel being bounded, for instance, by two 
spars and two ribs) are seldom, if ever, used as load-bearing 
components in aircraft structures. Stringers and other stiffening 
elements are incorporated in order to avoid premature instability. 
Flat-plate rigidity, taking no account of stiffening elements, is 
not a criterion of major significance to the aircraft designer. In 
stainless-steel aircraft construction, extremely thin steel sheet is 
supported at very close intervals by a stiffening framework. Al- 
though the resulting structure is more complex than, say, a com- 
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parable wooden construction and involves greater fabrication 
difficulties, the steel has in its favor a very high strength-weigh:t 
ratio. 

It is standard practice to evaluate the merit of a sheet-stringer 
combination by comparing its performance with that of previ- 
ously tested panels. There has been no way of judging how near 
a panel comes to realizing all the strength the given weight of 
material can provide. In thermodynamics, the Carnot cycle 
provides a theoretical ideal with which otner cycles can be com- 
pared. An analogous ideal for panel construction is needed to 
enable us to achieve the object of this paper, i.e., to arrive at 
rational means of estimating the efficiencies of actual construc- 
tions both as to design and material. 

It will be clear that the characteristics of the ideal tension and 
compression cover should be formulated without regard to any 
but purely structural considerations. Thus, whether or not the 
ideal cover can be fabricated is beside the point, as the practi- 
cability of the Carnot cycle isirrelevant to its use as a standard in 
thermodynamics. 


REQUIREMENTS FOR THE IDEAL PANEL 


The ideal panel is that which leads to least weight of the whole 
structure. Not only must the panel itself be light; it must also 
not require close spacing of supporting members such as ribs and 
spars. In aircraft wings and tail surfaces, the maximum permis- 
sible spar spacing 6 is usually fixed by considerations other than 
those of cover design. The spar spacing is, therefore, treated 
here as given. The rib spacing is usually governed by three con- 
siderations, i.e., (1) the necessity of supporting the cover to pre- 
vent premature buckling, (2) the requirement that the ribs aid in 
transferring the aerodynamic loads from the cover to the bending- 
resistant spars, (3) excessive deflection of the cover between sup- 
ports due to air pressure must be avoided. The transfer of load 
must be achieved without undue addition to structural weight. 

In this paper no attempt is made to take account in an exact 
manner of the weight of the ribs, or anything but the stiffened 
cover itself. It is assumed simply that the rib spacing, as deter- 
mined by stability requirements, should be as great as possible. 
Practical experience does in fact favor large rib spacing. It is 
found that the total rib weight for a complete structure decreases 
with an increasing rib spacing. 

Since space requirements in wings and other components 
usually limit the thickness of the cover, it will be assumed that 
the over-all thickness (e.g., of sheet and stiffeners) must not ex- 
ceed a fixed value t. 

Fig. 1(a) is a cross-sectional sketch of a typical wing or tail- 
surface cover. In determining the ideal form, the guiding prin- 
ciple is to make the moment of inertia of the section (e.g., that 
about the broken middle line of the cellular section of Fig. 1b) as 
large as possible. This will mean that the supporting spars and 


‘ The ratio of yield stress syp to density p. Ifa compression panel 
is to carry a load N per unit width at yield, and A is the area of section 
per unit width, N = sypA. The weight W per unit cover area is Ap. 
Thus, W = N/(syp/p), and the lightest panel is that made of material 
with the highest value of syp/p. This of course is only true if instabil- 
ity can be prevented until the stress reaches 8yp. 

5 It is hoped that future work will clarify the role of the ribs and 
spars in determining the efficiency of a complete wing or tail structure. 
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ribs are kept as widely spaced as possible (as far as panel stability 
requirements are concerned). At the same time of course local 
instability must not occur before general instability. 

It is shown in the Appendix that, for a given area of section per 
unit run, the moment of inertia of a section with a single sheet and 
a symmetrical web is always increased by putting half the sheet 
area at the top, half at the bottom, to form a double sheet form, 
as in Fig. 1(6). It is moreover at once obvious that no greater 
moment of inertia can be obtained than that of two equal sheets 
at top and bottom of the thickness ¢. It is not rational, however, 
to adopt this as the ideal construction without further considera- 
tion, since the two sheets must not only be held apart by some 
form of web which itself must not buckle too soon, but must also 
be prevented from buckling as individual sheets by sufficiently 
frequent support from the web structure. It appears then that 
some of the available material must be assigned to some web 
structure between the sheets, and the area of section so assigned 
will not contribute as much moment of inertia as if it were as- 
signed to the sheets. 

It becomes desirable, therefore, to find out what is the least 
(cross-sectional) area which will provide an adequate web struc- 
ture. The answer, as will now be shown, is a vanishingly small 
area, that is, it can in principle be made as small as we please, 
without violating the requirement of adequate stability. 


LapperR-Tyrpe Wes or LEAsT WEIGHT 


It is convenient to consider first a simple solid web as in Fig. 
1(b). If there were no questions of instability (as in tension), the 
ideal strength of the panel would be determined by some ‘proof 
stress”’ s,, which will usually be the yield stress of the panel ma- 
terial. All parts of the ideal panel must of course sustain the 
same stress. Consider, therefore, a simple solid web of height t¢ 
(the “flange’’ sheets being thin) and of sufficient thickness 56, to 
be stable up to s,, as a simply supported plate. Then the load per 
unit height at buckling is given by® 


If, however, the whole section is cellular, it would appear proba- 
ble that the web itself can be made cellular, with a possible sav- 
ing of area. There is no restriction on the width of the web, 
and so the problem to be considered is that of a ladder-type web 
(Fig. 2) of fixed height ¢, of least area (weight), whieh is stable 
both generally and locally up to the stresss,,. As to local buck- 


‘Theory of Elastic Stability,” by S. Timoshenko, McGraw-Hill 
Book Company, Inc., New York, N. Y., 1936, Equation [h], p. 329, 
and pp. 330, 331. 
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ling, the conditions, analogous to Equation [2], that the segments 
of the vertical walls, and the “rungs,” should be stable to s,, are 


B r 


where r = V sy,/ E’. The geometrical notation is indicated in 
Fig. 2. The edge conditions are not in fact those of simple sup- 
port, but it will become clear that this assumption ean be changed 
without altering the conclusion. 

The remaining requirement is that the whole web, of height ¢, 
must not buckle as a plate until the stress reaches s,,. Alength 
8 in Fig. 2 has an area 286, + ad, and a moment of inertia 284, 
(a?/4) + 523/12. The condition of the type Equation [1], but 
applied to the length 8 instead of a unit length, is 


2 1 
Syp(285, + ads) = (20 4+ — [4] 


This can be simplified by means of Equation [3] to 


at, (a/y)? — 1 


where y? is written for t*s,,/#E’. 


6 

t 
§ 


Fic. 2 Lappger-Type Wes 
The dimensions a, 8, 5;, 5: of the web are to satisfy the three 
Equations [3] and [5]. Evidently any number of such webs 
can be constructed. One of them, however, has least area, and 


this of course is the one of interest here. The solid area for the 
whole web (Fig. 2) is 


The thicknesses 6, and 62 can be eliminated by means of Equation 
[3], and then 


or on squaring 


4 
St = («0 + 4a? + =) (8] 


be 

i V3 & V3 

a 

where D = — E’5,3, E’ = E/1 —v*. This may be written = 

V3 a? 

8 

— 
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Eliminating 8? by means of Equation [5] this becomes 


8y4 6/~6 
3 L(a?/y? — — a?/3y?) 
Since (in this section) y is fixed by a definite choice of t, s,,, and 


E’, S* is to be considered for all positive values of a/y, the point 
of chief interest being its least value. This will occur where the 
reciprocal of the expression in {|} in Equation [9] has its greatest 
value. Writing x for y?/a? this reciprocal becomes 


1 
x(1 — 2) (.—1) [10] 


which is plotted in Fig. 3. It is positive, for positive z, only for 
1/3< x2< 1. Consequently, it is impossible to construct a web 
of this type (to buckle locally and generally at s,,) unless z is in 
this range. The permissible range does not in fact extend down 
to z = '/;, for unless x is somewhat greater than '/;, S may be 
greater than the whole area ta within the web outline, whereas 
Equations [8] apply only to thin walls. 

The function Equation [10] (Fig. 3) has a maximum, 0.0785, 
at x = 0.738. The corresponding value of S obtained from Equa- 
tion [9] is 


Smin = 0.595 (11) 


Using the suffix “‘min”’ to designate the dimensions of the ladder- 
type web of least weight, we have 
z= 7*/a*nin = 0.738 
whence 
@min/t = 0.37r 

and then from Equations [3] and [5] 

amin/Bmin = 1.13 Bmin/t = 0.33r 
,/B)min = (82/a)mio = 


The “porosity” of the web 
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@ min 0.63 


Smin r 


is the ratio of the full area occupied by the web to the actual aren 
of material. 

The solid web of height ¢ which buckles at sy, has a width 6, 
given by Equation [2]. The ratio of the area of the porous wel) 
(Fig. 2) of least weight to the area of the solid web is accordingly 

Smin 
= 1.08r 

For 248-T aluminum alloy, for which s,, = 40,000 psi, BE’ = 
11.5 X 10° psi, r = Vs8,,/E’ = 0.059. The porosity of the 
ladder-type web of least weight is 10.6. The proportions of the 
parts are 


Q@min 


Bmin 


= 0.022, 0.020 


52 
= 0.033 
Qa 


The area ratio £ is 0.063. The web thus has only 6.3 per cent 
of the area of the solid web it replaces. 
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Fig. 4 Lapter-Tyer Wes of CELLULAR ConsTRUCTION 


Tue IDEAL COMPRESSION COVER 


The ladder-type web just discussed replaces a solid web of the 
same depth, both being stable up to s,,. But the vertical seg- 
ments 8 and the horizontal “rungs’’ a in Fig. 2 can equally well 
be replaced by ladder-type constructions of least area for over-all 
lengths 8 and a@ instead of t. The ladder-type web then becomes 
the web sketched in Fig. 4. This again consists of solid cell walls 
which can be replaced by ladder construction, and so on indefi- 
nitely. At each modification the area is reduced by the factor 
— = 1.08V s,,/E’ which is necessarily small compared with one 
(for 248-T it is 0.063). After n modifications, the area has been 
reduced in the ratio £". This can be made as small as we please 
by taking a sufficiently large n, that is, its limit is zero. Conse- 
quently, the area of the web can be made as small as we please, 
and therefore the ideal web has a vanishingly small area. It 
is a web which does not buckle before the stress reaches s,,, and 
which yet permits us to assign the whole area of the section to the 
flange sheets. 

The ideal construction for the cover is now established as hav- 
ing all the material in the form of solid flange sheets. The 
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Hange-sheet thickness ty being small compared with the panel 
thickness t, the flexural rigidity is 


where A is the cross-sectional area (i.e., that of the two flange 
sheets) per unit length. 


Best MATERIAL FOR A PANEL OF IDEAL SECTION 


When the ratio a/b of rib spacing to spar spacing and the ratio 
of the over-all panel thickness ¢ to b are given, it is possible to 
choose, from all competing materials, that which will give the 
lightest panel. 

The panel is of course to have the ideal section, in order that 
the buckling stress shall be as high as possible. The compressive 
stress is limited either to the yield stress s,,, or to the stress 8,, 
which produces general buckling of the panel, whichever is less. 

The value of s, is found from 


and soon.’ This gives, inserting the value, Equation [12] for D 


nt? 2b a 
— < 6 
+2) if V2<)< V6 
and so on. 
Thus we may write 
Sa = BE’ /k. [14] 


where k is defined as a function of t/b, a/b, by comparison with 
Equation [13]. 

The limiting stress of the panel is the smaller of £’/k and s,,. 
The area A of panel section required to carry an assigned load N 
per unit run is therefore the greater of Nk/E’ and N/s,,, and the 
weight of panel per unit cover area is the greater of pNk/E’ and 

To obtain the lightest panel we must therefore review the 
values of pk/E’ and p/s,, for the various materials, choose for each 
material the greater of the two, and from this list of the greater 
values select the least. 

The choice is quickly made by means of the diagram in Fig. 5. 
For each material a horizontal line is drawn at an ordinate repre- 
senting p/s,,. The abscissas being the function pk/E’ is repre- 
sented by a line through the origin. The greater of the two 
quantities is represented by the horizontal line up to the inter- 
section, by the sloping line beyond it. 

These lines are drawn for several materials in Fig. 5. The ma- 
terials are identified in Table 1. When a/b, ¢/b are given k can 
be found, and then the bent line giving the least ordinate belongs 
to the material which gives the least weight, that weight, per unit 
cover area, being N times the ordinate. It is at once apparent 
from the diagram that of the materials represented on it none is 
better (for the ideal construction) than material 3, but 2 is as good 
as 3 if k>290. 


’ Reference (6), art. 63, p. 327 


The sharp bends in the lines in Fig. 5 result from the abrupt 
change from s,, to s,, as soon as the former becomes the greater. 
The diagram can evidently be refined by making a smooth transi- 
tion, as in the stress-slenderness ratio diagrams for columns. 
The bends in Fig. 5 would then be rounded off. 


RatinGs OF ACTUAL PANELS 


Certain measures of panel efficiency emerge naturally from the 
foregoing theory. Let the given actual panel have spar spacing 
b, rib spacing a, thickness t, and area of section Aj, and let the 
limiting load’ be N. The density being p, the weight is repre- 
sented by pA;. The weight w of the ideal panel of best material 
for the given a, b, t, N, may be found by the method just given. 
The ratio w/pA, may be taken as the efficiency of the panel. It 
compares its weight with the weight of the lightest (ideal) panel 
which would fulfill the same function. 

This lightest panel is of course made of the best material actu- 
ally available. As improved materials become available the 
efficiency defined in this way changes. 

Instead of comparing the weight of the panel with the ideal 
panel of best material, it may be compared with the weight of the 
ideal panel of the same material. This shows how effectively the 
material is distributed in the actual section, and so may be called 
the “distribution efficiency.” 
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TERIALS 


A third comparison, involving the suitability of the material 
only, may be made between the weight of the panel of ideal section 
and actual material, and the weight of the panel of ideal 
section and best material. The ratio may be called the “material 
efficiency.” 

The three efficiencies defined are connected by the equation 


Efficiency = distribution efficiency < material efficiency 


If the weight of the panel is compared with the weight it would 


P Ms A definition of this is proposed in the numerical example which 
ol'ows. 
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TABLE 1 MATERIALS USED IN DIAGRAM, FIG. 5 


Graph 
no. Material lb per cu in. 
1 Magnesium J-1h alloy 0.065 
2 Aluminum alloy 24S-T 0.100 
3 248-T81 0.100 
4 Steel (X 4130) typical 0.284 
5 Plywood (avg) 0.017 
6 Resin-impregnated glass fiber 0.065 


have if it could be prevented entirely from buckling before the 
stress reaches s,,, and if it could be made to take the stress s,, uni- 
formly, the comparison weight is pA where As,, = N and the 
ratio is N/A,s,,. This will of course be identical with the “dis- 
tribution efficiency” already defined when k is such that s,, and 
not s,, is the limiting stress. It may be called the “‘vield effici- 
ency.” 

When it is assumed that premature instability can be prevented, 
the best material is that having the highest strength-weight ratio‘ 
s,,/ corresponding to the lowest horizontal line in Fig. 5. 


NUMERICAL EXAMPLE 


Consider a sheet-stringer panel consisting of hat-section sciff- 
eners attached to a flat sheet. The stiffeners run spanwise. 
Fig. 1(a) shows the chordwise section. The performance (of this 
particular panel) by comparison with other commonly used sheet- 
stringer combinations, is excellent. The characteristics are as 
follows: 


Material: 24S-T Alclad 

E’ = 11.5 X 10° psi 

Number of stiffeners in panel, 6 
Sheet gage 0.0625 in. 

Spar spacing b, 60 in. 

Hat gage, 0.0625 in. 

Rib spacing a, 25 in. 

Over-all panel height ¢, 1.66 in. 
Total stiffener area, 2.477 in.? 
Total sheet area, 3.125 in.? 
Effective sheet area, 1.134 in.‘ (at stringer stress of 40,000 psi) 
Effective panel area, 3.610 in.? 
Total panel area, 5.601 in.? 

= 40,500 psi 

p = 0.1 lb per cu in. 

a/b = 0.418 


Panel failure during test occurred by general instability and 
local crippling at a total load of 192,500 lb. This corresponds to 
a stress on the effective area of 53,300 psi, considerably higher 
than s,,. The stress for the whole area is 34,300 psi. 

The question now arises as to whether or not the “limiting 
load’’ N used in defining panel efficiencies is to be taken as 192,500 
Ib, the actual failure load of the panel. If this is done, we are 
admitting a stress in the actual panel greater than s,,, while 
limiting that in the ideal panels to s,,. It seems more equitable 
to limit both to s,,. We therefore take the limiting load as s,, 
multiplied by the total effective area at s,,, and this is 146,500 lb. 


The value of k is 
4b? 
+ 


since a/b<vV/2, and this is 65.5. From Fig. 5, material 3 is the 


10+ 

8yp 10~ f p 

psi psi 1— E' 
24000 5 0.3 7.15 2.70 0.91 
40000 10.5 0.3 11.54 2.56 0.87 
56000 10.5 0.3 11.54 1.79 0.87 

135000 28 0.3 30.8 2.10 0.92 
5000 0 3.48 1.02 
25000 5.1 0 5.7 2.60 1.27 


material (of those listed) of which to construct the ideal compari- 
son panel. The actual panel is made of material 2. The weight 
w of the actual panel per unit of cover area is 0.1 X 5.602/60. 
The weight of the ideal comparison panel is pN/s,, for material 3 
with N = 146,500/60. The efficiency, based on material 3, is 
therefore 47 per cent. 

The distribution efficiency is 64.5 per cent, and the material 
efficiency, based on material 3, is 72.5 per cent. 

The limiting stress of the ideal panel is here 8yp, and this would 
still be so if there were no ribs at all (a/b infinite). 

It is evidently true that, for a considerable range of the values 
of k actually used for panels, the horizontal lines in the diagram 
will be relevant, that is, the limiting stress in the ideal construc- 
tion will be s,, not s,. The weights are then inversely as the 
strength-weight ratios, and high strength-weight ratio is thus the 
primary requirement of a good material. The new high-strength 
aluminum alloys possess extremely high values of this ratio 
compared with other commercial materials and their use is 
therefore very advantageous from the point of view of this 
paper. 


APPENDIX 


Consider a section such as that in Fig. 1(a), having an area of 
flat sheet section 2A per unit run, and an area Ao mm the hat sec- 
tions, or ‘‘web”’ part. We wish to compare the moment of inertia 
of this section, per unit run, about a horizontal centroidal axis, 
with the moment, about its horizontal centroidal axis, of the sec- 
tion obtained by taking half the sheet and placing it at the bottom 
of the web part, forming a section having a web of area Ao, and 
upper and lower sheets each of area A. 

The calculation of the two moments of inertia (treating the 
sheets as thin) leads to the expression 


1 (At — Aga)® 
24 + As 


in the first case, and 


1 
eee 
o + Aga? + oft 3A + Ae 


in the second case, where 


I, = moment of inertia of ‘‘web’”’ about its own centroidal axis 
a = distance of web centroid below line midway between two 
sheets 


t = over-all thickness 
At(At — 2Aga) 
The d exceeds the first by —--—————— 
second ex e first by 9A 4 Ac 


aslong as At> 2Aea. If the web part itself is symmetrical about 
the line midway between the two sheets, a = 0 and the two-sheet 
section always has the greater moment of inertia. 


which is positive 


ae 
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Fic. 1 PHOTOMICROGRAPHS OF Test MATERIAL; X 500 
(A, Parallel to axis of bar. B, Perpendicular to axis of bar.) 


Yielding and Fracture of Medium-Carbon 
Steel Under Combined Stress: 


By E. A. DAVIS,! EAST PITTSBURGH, PA. 


Results of combined stress tests on a medium-carbon 
steel are presented. Particular attention has been paid 
to the magnitude and the distribution of the stresses and 
strains at the instant preceding fracture. The effect of 
the shape of the test specimen and the isotropy of the 
material upon the rupture properties have alsc been in- 
vestigated. This investigation was carried out at the 
Westinghouse Research Laboratories under a contract 
with the David Taylor Model Basin, Bureau of Ships, 
U. S. Navy Department, according to plans worked out by 
Captain W. P. Roop, U.S.N., of the David Taylor Model 
Basin, and Dr. A. Nadai of Westinghouse. 


INTRODUCTION 


N this paper a series of combined-stress tests on a medium- 
carbon steel is described. The state of combined stress was 
produced by applying simultaneously an axial tensile load 

and an internal pressure to a tubular specimen. The main 
object of the investigation was to study the characteristics of 
plastic deformation and rupture in this particular type of steel 


1 Research Engineer, Westinghouse Research Laboratories. 

Contributed by Special Research Committee on Plastic Flow of 
Metals and the Applied Mechanics Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 27—Dee. 1, 1944, of Tus 
AMERICAN SOCIETY OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until April 10, 1945, for publication at a later date. Discus- 
sion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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under the influence of biaxia! stresses. These tests are similar 
to a series made with copper tubes described in a recent paper 
by the author.? In the present series, however, greater attention 
has been focused on the conditions prevailing at the time of 
rupture. A few pure tension tests on rectangular specimens with 
various ratios of width to thickness were also run in order to 
study the distribution of the principal strains in the necked 
region prior to rupture. 


MATERIAL 


A bar of steel 2'/s in. diam and approximately 18 ft long was 
purchased as material for these tests. Twelve 14-in. lengths 
were cut from the bar and were normalized at the Research 
Laboratories. After heating at 925 C for 2 hr the bars were 
taken from the furnace and placed on end on insulating bricks 
and allowed to cool in air. The twelve bars were then sent to the 
David Taylor Model Basin where the specimens were machined 
under the supervision of Mr. McRae. .Great care was taken to 
obtain tubes with concentric sections. Drilling was done by 
means of a pack-bit similar to those used in gunmaking. The 
inner surface had a mirror finish after the pack-bit passed through. 
The outer surface was polished. 

The steel used in these tests was an ordinary medium-carbon 
steel of the following composition: 


Cc Si Mn s 
0.23 0.10 0.62 0.010 0.030 


Two photomicrographs of pieces taken from one of the bars 


2 “Increase of Stress With Permanent Strain and Stress-Strain 
Relations in the Plastic State for Copper Under Combined Stresses,’’ 
by E. A. Davis, Trans. A.S.M.E., vol. 65, 1943, p. A-187. 
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after testing are shown in Fig. 1. These sections were taken at 
right angles to each other, one parallel and one perpendicular to 
the axis of the bar. 
Test SPECIMENS 
From the twelve lengths sent to the David Taylor Model 
Basin for machining eleven tubular specimens and five smaller 
solid specimens were made. The tubular test pieces and the 
grips in which they were tested are shown in Fig. 2. The cylin- 
drical portions of the tubes were 8 in. long but only the central 
4 in. were used as a gage length. The outside diameter was 
1.450 in. and the wall thickness 0.100 in. 


Fig. 2. Test SPECIMEN AND Grips 


The specimens were carefully measured before any of the tests 
were run. The outside diameters and the wall thickness of the 
tubular specimens were found to be very uniform. The variation 
in wall thickness was less than 0.001 in. in a wall thickness of 
0.100 in., or less than 1 per cent. 

+ The five solid specimens may be identified by the shape of their 

cross sections. They may be described as follows: Item A, 
: 0.50 wide X 0.10 thick; Item B, 0.50 wide X 0.15 thick; Item C, 
% 0.50 wide X 0.30 thick; Item D, 0.25 diam; Item E, 0.40 diam X 
: 0.80 long. 

Items A-D were tensile specimens. Due to symmetry condi- 
tions, Item D should behave the same as a bar of square cross 
section in so far as the distribution of strains is concerned. The 
purpose of these tests was to study the effect of the shape of the 
cross section upon the distribution of the strains in the directions 
perpendicular to the axis of the applied load. Item E was a 
compression test introduced to compare the behavior of the 
material in tension and compression. 

In order to obtain some measure of the isotropy of the material, 
two small tubular specimens, originally perpendicular to each 
other, were cut from the 2'/s-in-diam bar. In one specimen the 
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axis of the tube was coincident with the axis of the bar; in 
the other the axis of the tube was perpendicular to the axis of the 
original bar. These specimens, shown in Fig. 3, are 2 in. in 
over-all length, with an inside diameter of '/2 in. and a wall 
thickness of 1/2 in. As a final means of checking the isotropy 
of the material, small impact specimens were cut from the original 
bar in such a way that the notched region in the impact bars 
came from the same radius of the original stock as the wall of 
the tubular specimens. Bars were cut from two perpendicular 
directions so that the impact fractures would be oriented either 
perpendicular to or parallel to the axis of the bar. 

The impact specimens were 1°/s in. long and !/, in. square with 
a 45-deg notch 0.100 in. deep cut in the center. These bars 


AXIS OF SPECIMEN PERPENDICULAR 
TO AXIS OF ORIGINAL BAR 


AXIS OF SPECIMEN PARALLEL 
TO AXIS OF ORIGINAL BAR 


Fic. 3) SpECIMENS 


and the two small tubular specimens were machined at the 
Westinghouse Research Laboratories. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


¢, = principal normal stress in axial direction, psi 
o, = principal normal stress in tangential direction, psi 
¢, = principal normal stress in radial direction, psi 
7 = shearing stress, psi 
t, = octahedral shearing stress 
€, = principal unit strain in axial direction 
¢, = principal unit strain in tangential direction 
¢, = principal unit strain in radial direction 
€, = principal unit strain in thickness direction 
€» = principal unit strain in width direction 
y = unit shearing strain 
Y, = octahedral shearing strain 
r = radius, in. 


h = thickness, in. 
l = length, in. 
w = width, in. 
d = diameter, in. 
A = area, sq in. 
p = pressure, psi 
P = axial load, lb 
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Vo = volume, cu in. 

W = energy, in-lb 

= function of the stresses 
R = radius of curvature 

n = 


The bar (~) above a stress variable denotes a true stress which 
has been determined by considering the actual dimensions of the 
specimen at the instant the stress occurred. The same bar (~) 
above a strain variable denotes a natural strain which will be 
described later. 

Che three principal shearing stresses are defined as 


~ 
te 


Similarly, the three principal shearing strains are 
For large strains the true normal stress ¢, can usually be 
expressed in terms of the ordinary load stress o and the con- 
ventional strain e. In any case, the true stresses can always be 
computed from data taken during the test since the volume of 
the material does not change during plastic deformation. An- 
other consequence of the constancy of the volume of the material 
is that for small plastic strains the sum of the three normal strains 
is zero. 


Therefore, only two of the strains need to be measured. For 
large deformations, however, Equation [3] does not hold, and, if 
some such relation is desired, a new variable must be used. This 
is accomplished by defining the natural strain € as 


f dl 


The sum of three perpendicular natural strains is zero even for 
large deformations 


The three principal “natural” shearing strains are 
Ya — Yr = & — Yre [6 | 


The octahedral shearing stress is 


and the octahedral shearing strain is 


9 
= 3 V 4 Vie? + {8] 


In the present’ paper the subscripts (a), (é), and (r) refer to 
the assigned directions in the specimen regardless of the relative 
magnitude of the stresses. The ratio n = o,/o, will vary from 
zero (0) for the pure axial tension test to infinity (©) for the 
circumferential tension test. 


Test PROCEDURE 


In the combined-stress tests the internal pressure was supplied 
by an Amsler high-pressure pump in which a pendulum manome- 
ter is used to measure the pressure. The length of the pendu- 
lum is adjustable so that full-scale deflection could be obtained 
for any pressure between 20 and 1250 atm. The external axial 
load was supplied by a 30-ton Amsler testing machine.* The 


a “_ testing machine and the high-pressure pump are shown in 
ig. 25. 


axial load and the internal pressure were applied to the specimen 
simultaneously by means of the grips shown in Fig. 2. 

The ratio of the axial load to the internal pressure was kept 
constant throughout the duration of the tests. This was done 
by adjusting the length of the pendulum on the high-pressure 
pump to that value which would give the desired ratio when the 
pointers on both machines were deflected through the same 
angle. All that was necessary, then, for maintaining the desired 
ratio between load and pressure was to keep both pointers de- 
flected the same amount. 

Two gage marks 4 in. apart were scribed on the cylindrical 
part of the tubes, and the axial extensions were measured with 
dividers and a steel scale. The outside diameter was measured 
at six places inside the gage length. The average of these six 
diameters was used to calculate the tangential strains. The 
axial load and the pressure were always removed while measure- 
ments were being made. This was done as a safety measure 
and also as a means of insuring that no deformation would occur 
while the strains were being measured. 

After the tubular test pieces ruptured, they were cut open 
and the wall thickness and outside diameter in the region of the 
fracture were measured to determine the stresses at rupture. 

In order to test one of the tubular specimens in pure circum- 
ferential tension, the arrangement shown in Fig. 4 was used. 
The axial load was carried by the central rod and the U-shaped 
leather packing. The only load on the specimen was the pressure 
load, and the tube was free to contract in the axial direction. 


_U- PACKING 


~ 


“LEAD GASKETS 
N —10 THREADS 
Fig. 4 ARRANGEMENT FOR PURE CIRCUMFERENTIAL TENSION 
Test 


The two small tubular specimens, shown in Fig. 3, were tested 
in pure internal pressure. 

The solid specimens were tested in a 10-ton Amsler machine. 
The increase in length and the decrease in cross-sectional area 
were measured at each load interval. The cross section was 
measured in the necked portion after the maximum load was 
reached. The compression specimen was tested until plastic 
buckling became apparent. In this group of tests, the lengths 
were measured by dividers and a scale while the diameters were 
measured with a micrometer. A ball-point micrometer was 
used to measure the tensile specimens in the region of the neck. 


CoMPUTATION OF TEst RESULTS 


From the measurements taken during the combined-stress 
tests, the principal stresses and strains were computed in the 
following manner: 

1 The conventional axial strain was obtained from the 
measured change in length 
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Fie. 8 Srress-Strain Diacrams 
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Test, n = 2.00 


and the natural axial strain was obtained from the expression 


2 The mean diameter was computed from the measurements 


of length and outside diameter by assuming that the volume of 
The average tangential strains 


the material did not change. 


were given by the change in mean diameter 
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Ad 
(11) 


The average radial strain, ¢,, was obtained from the relationship 
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Fie. 12 Srress-Srrain D1iaGrRaMs FOR n = 0.775 


3 The true principal stresses could be calculated since the 
actual diameters and wall thicknesses were known. The axial 
stress was 


P prd;? 
To A + 4A [14] 
the tangential stress was 
_ pa; 
and the radial stress was 


The foregoing values for the principal stresses and strains are 
average values. All of them vary with the radius except the 
axial strain ¢,, which is independent of the radius as long as the 
specimen remains cylindrical in shape. After the ultimate 
strength had been reached and the tubes had begun to deform 
nonuniformly, the strains could not be measured as described; 
further measurements were then useless until fracture occurred. 
After fracture, the wall thickness and the diameters at the 
ruptured section were measured and the local principal strains 
were obtained. In this case, however, the radial strain was 
obtained from 


Fig. 13 Strress-Strain D1aGRamMs FOR 
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Fic. 14. Srress-Strain 


n = 0.800 FOR n = 0.875 


and 


The tangential strain was computed by use of Equations [11] 
and [12], while the axial strain was obtained from Equation [13]. 

The work done per unit volume of the material can be obtained 
by considering a small element with sides normal to the principal 
directions and with original dimensions a’, t’, and r’. After 
deformation this element has the dimensions a, t, and r. If the 
density of the element remains constant, the volume is 


If the deformed element is given a small additional deforma- 
tion, the increment of work will be 


AW = g,trAa + garAl + [20] 
Combining Equations [19] and [20] 


AW At A 
a t r 


The work per unit volume is obtained by integration 
Ww 


The right side of Equation [22] represents the areas under the 
curves of true stress versus natural strain which are shown in 
Figs. 5 to 14. 
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Test RESULtTs 


Combined Stress Test. Two series of five tests each were run 
on the tubular specimens. The first series was spread out over 
the full range from pure axial tension to pure circumferential 
tension. The ratios of n were 0, 0.50, 1.00, 2.00, and ~. The 
stress-strain diagrams are shown in Figs. 5 to 9, inclusive. 
The second series was run in the range of stresses where the frac- 
ture changed from a circumferential break to a longitudinal crack. 
The stress ratios, o,/o0,, were 0.750, 0.762, 0.775, 0.800, and 
0.875. The stress-strain diagrams of these tests are shown 


Fie. 15 Locations OF PLANES OF PRINCIPAL SHEARING STRESSES 


in Figs. 10 to 14, inclusive. The stresses and strains are plotted 
as though they were all positive in order to conserve space. 
The radial stress and strain in each case are negative, while in 
pure axial tension, o,/¢, = 0, the tangential strain is negative, 
and in the circumferential tension test, o,/¢, = ©, the axial 


strain is negative. It is necessary to use the proper sign of these - 


values when computing the energy of distortion. 

Four of the test pieces, in which o,/¢, = 0, 0.50, 0.750, and 
0.762, broke with circumferential fractures. The failures took 
place approximately along planes of the principal shear stress, 
Ter- The locations of the principal shear planes in the tubes 
are shown in Fig. 15. In the other tests the fractures were 
longitudinal cracks along the planes of the principal shear stress, 
r.,- Figs. 16 to 19, inclusive, show the fractures; the stresses 
and strains at fracture are given in Table 1. 

In the pure axial tension test, both the mean diameter and the 
wall thickness necked down. The mean diameter did not neck 
down as much as that of a round bar of solid cross section for the 
same extension. From Table 1, it can be seen that ¢, = 0.780 
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and ¢, = —).334. If the bar had been solid, then €, would have 
been — 0.390 for an axial strain of ¢, = 0.780. In the test where 
o,/¢, = 0.50, the mean diameter remained practically constant 
and all the necking occurred in the wall thickness. In the tests 
where o,/c, = 0.750 and 0.762, the mean diameter increased 
locally in the region of the fracture. The fractures in these four 
tests occurred along the planes of maximum shearing stress and 
at a value of approximately 55,000 psi. There was very little 
difference in the appearance of the fractures in all the tests which 
failed by a longitudinal crack. 

In only one test o,/¢, = 0.775 did the fracture occur on one 
single plane of 7. Most of the fractures occurred partly on 


TABLE 2 ENERGY DATA 


in-lb in-lb 
n= JSféadéa Sidi S in.* Ib 

0 66000 235000 
0.500 43700 580 1260 45500 162000 
0.750 42140 12750 2310 57200 203000 
0.762 39020 12970 2110 54100 192500 
0.775 20170 9840 1530 31540 112000 
0.800 15000 8380 1250 24630 87700 
0.875 7620 6880 880 15380 54800 
1.00 5360 9850 930 16140 57500 
2.00 770 4070 545 5390 19100 
2 —310 9450 430 9570 34100 


one and partly on the other plane of the principal shearing stress, 
tx. This shearing stress 7,, was the maximum shearing stress 
in those tests where o,/¢, = 1.00, 2.00, and ©. The other three 
(o,/¢, = 0.775, 0.800, and 0.875) ruptured along planes where 
neither the shearing stress nor the shearing strain was a maxi- 
mum. The magnitude of the shearing stress on the planes of 
rupture was much smaller in the latter six specimens than the 
55,000 psi of the other four already noted. The fractures of 
the three specimens, where o,/¢, = 0.775, 0.800, and 0.875, are 
hard to explain. From these results it appears that neither a 
maximum stress nor & Maximum strain can be used as a criterion 
for fracture. The stresses and strains considered so far, however, 
have been average values, and no account has been taken of the 
manner in which they may vary with the radius. This problem 
will be discussed further, later in the paper. 

The values of the energy per unit volume of the material at 
the ruptured section are given in Table 2. . The highest value of 
specific energy, 66,000 in-lb/in.*, was found in the pure axial 
tension test. In general the energy decreased as the ratio of 
the tangential stress to the axial stress increased. For the 
case where the two principal tensions were equal (¢,/¢, = 1), 
the energy dropped to 16,140 in-lb/in.* This drop in the specific 
energy, however, was not uniform as the ratio of the stresses 
increased. The value for ¢,/¢, = 0.50 appears to be low. This 
may be partly due to the fact that one of the principal strains is 
practically zero in this test. . 

The specific energies, given in column 5 of Table 2, represent 
the amount of energy absorbed by a unit volume of the material 
when that element has been strained up to fracture under the 


TABLE 1 RUPTURE DATA—TUBULAR SPECIMENS 


Ration = ot/ea 0 0.500 0.750 0.762 
ea 51600 63900 54600 55200 
at 0 31900 1000 42000 
fo 113000 107500 108300 106600 
ot 55200 101400 101400 
Gr 2600 3300 3400 
éa +0.780 +0.501 +0.502 +0.469 
ét —0.334 +0.012 +0.181 +0.181 
& —0.446 —0.511 — 0.683 —0.650 
Ter 0 28800 52300 52400 
tra 56500 55000 5 
Fat 56500 26200 3500 2600 
+0.112 +0.523 +0.864 +0.831 
— 1.226 —1.012 — 1.185 —1.119 
jet +1.114 +0.489 +0.321 +0.288 
Fn 300 46100 51 00 
1.106 0.827 1.000 0.948 


Ratio at 
rupture 0 0.513 0.937 0.953 


0.775 0.800 0.875 1.000 2.00 © 
58900 58000 57500 51800 25000 0 
45500 46400 50300 51800 50000 53600 
90200 83000 74400 68300 33500 10400 
84500 78500 74500 79000 71200 72000 

3600 3700 4000 4100 4600 4300 

+0.277 +0.219 +0.129 +0.098 +0.022 — 0.053 

+0. 154 +0.138 +0.119 +0.149 +0.117 +0. 164 

—0.431 —0.357 —0.248 —0.247 —0.139 —0.111 
44100 41100 39700 41600 37700 38150 
46900 43300 39700 36200 18900 7350 

2800 2200 0 5400 18800 30800 
+0.585 +0.495 +0.367 +0.396 +0.256 +0.275 

—0.708 —0.576 —0.377 —0.345 —0.161 —0.058 

+0.123 +0.081 +0.010 —0.051 —0.095 —0.217 
43000 39800 37400 37000 30800 33000 
0.617 0.510 0.351 0.351 0.175 0.234 


0.936 0.935 1.000 1.155 2.125 6.92 


| 
ee 
{ 
gt 
> 
—Tra 
¢ 
— Ter 
‘ 

| 

& 


2.00 


Fig. 16 FrRacTURED SPECIMENS 
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Fig. 18 Crosr-Up View or Fractures 

various conditions of load. The total energy or the energy per 
total volume would be a different value and would be difficult 
to obtain accurately. This value would probably also change 
with the manner in which the material was stressed, but it is 
not likely that it would change in the same amount as those 
energies shown in Table 2. It is clear, however, that the amount 
of energy absorbed in the fractured section depends upon the 
amount of necking which occurs. Thus those specimens which 
were free to neck down showed higher values of specific energy. 
As an example of this, the pure axial tension test might be com- 
pared with the pure circumferential tension test, or the test where 
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Fie. 17 SrECIMENS 


B=0750 0762 0775 0.800 0.875 
On 


Fic. 19 CLose-Ue View or FRACTURES 

o,/¢, = 0.50 might be compared with the pure internal pressure 
test where o,/o, = 2.00. These tests are shown in Figs. 5, 6, 
8, and 9. In each case the shear stresses are the same in both 
tests; yet in the specimens where the axial tension was greater, 
the material was much more free to neck down than in the speci- 
mens where the circumferential tension was greater. Since the 
latter type of loading produces a fracture along a longitudinal 
crack, there is less possibility of developing a necked region; 
in these tests very little necking and not much drop of load be- 
yond the ultimate strength was observed. 
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Fie. 20 Maximum SHEARING Stress Versus Maximum SHEARING STRAIN FOR Various Types or LOADING 
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Fie. 21 OcranepraL SHEARING Stress Versus OcTAHEDRAL SHEARING STRAIN FOR VARIOUS TypEs OF LOADING 


For the tests at the upper end of the range (0,/¢, = 1, 2, @), 
the load increased up to the time that the fracture occurred. 
Thus the specimens which broke with a longitudinal rupture 
appeared more brittle than the specimens which failed by a 
circumferential rupture. The difference was not wholly due to 
the relative magnitudes of the principal stresses but was largely 
due to the shape of the specimen. This would seem to indicate 
that, under combined stress, both the type of fracture and the 
amount of energy absorbed before fracture depend to a great 
extent upon the shape of the structure and the freedom which 
the members of such a structure might have to extend and to 
neck down. 

It would be interesting to know just what per cent of the 
specific energy at fracture, as given in Table 2, represents the 
work done before the maximum load was reached. In the pure 
axial tension test a rather small part of the 66,000 in-lb/in.* was 
absorbed prior to the beginning of nonuniform straining at the 
ultimate load, while in the pure circumferential tension test 
there was very little localized straining just before rupture. In 
the latter case, the entire amount of the energy seems to have 
been absorbed before the ultimate strength was reached. It is 
difficult to determine the amount of work done per unit volume 
of material before the ultimate strength is reached, because the 


determination of the exact value of the strains at the ultimate 
load is almost impossible. 

As a means of comparing the behavior of the material under 
the various conditions of stressing, the curves in Figs. 20 and 21 
were prepared. The maximum principal shearing stresses 
Tmax are plotted against the corresponding natural shear strain, 
ymaa, in Fig. 20. The points for those specimens which broke 
with a circumferential rupture are plotted in the group to the 
left. The curve is drawn through the points for the axial tension 
test. This curve is repeated without points three divisions to 
the right where the points for the other tests are plotted. Most 
of the points lie near but above the curve for the pure tension 
test. In Fig. 21, the octahedral shearing stress, r,, is plotted 
against the natural octahedral shearing strain, y,. The tests 
are grouped as in Fig. 20. Here most of the test points fall below 
the curve for the axial tension test. In this investigation, the 
octahedral shear variables 7, and y,, as plotted in Fig. 21, seem 
to fit a common curve better than the maximum shear variables 
in Fig. 20. This is just opposite to the results of the tests on 
annealed copper mentioned.? 

Previously, the radial stress was neglected because it was 


small, but in this investigation the average value of o, = —? 
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was used. The curve fit in Fig. 21 was improved by considering 
the effect of the third principal stress, although this alone was 
not enough to explain the difference between the steel and the 
copper tests. The effect of neglecting the radial stress ¢, in the 
computation of 7, is to decrease the value of the octahedral 
shearing stress for any given strain. This would lower the points 
of all the tests except the pure axial tension test and would thus 
cause a greater scatter of points in Fig. 21. 

Tests on Solid Specimens. The stress-strain diagrams of the 
sclid-bar tests are shown in Fig. 5, along with the pure axial ten- 
sion test on the tubular specimen. The stresses and strains at 
rupture are given in Table 3. The curves in Fig. 5 are quite 
similar in shape, but the extension ¢, and the stress of rupture 
increase as the ratio of the thickness to the width increases. In 
all these tests the ratio at fracture of the strain in the direction 
of the width é,, to the strain in the direction of the thickness 
é,, decreases as the ratio of the thickness to width decreases. 

In the round bar, or in a bar of square cross section, the ratio 
é,/€ is unity for isotropic material. In a bar of rectangular 
cross section, this ratio is also unity for uniaxial tension up to 
the point where necking begins. After this point is reached, 
however, the strain in the direction of the smaller dimension 
(the thickness) proceeds at a greater rate than the strain in the 
direction of the width. This peculiarity makes it difficult to 
analyze the properties of material at fracture. 

In the strain-hardening range, some relation exists which regu- 
lates the distribution of the strains at any given instant. As 
pointed out,? two different theories exist which apply to the 
strain distribution in a body subjected to combined stress, but 
for the pure tension test both theories agree that «, and e, should 
be equal to each other and should be equal to minus one half of 
the axial strain, ¢,. The relationship, according to the older 
and more workable theory, is expressed by the following 


These expressions are for a round bar or tube. Only the sub- 
scripts need to be changed to adapt them to rectangular cross 
sections. When a condition arises where these or corresponding 
equations cannot be used, it is practically impossible to make a 
mathematical analysis of the stresses and strains involved. 

The tubular specimen tested in pure axial tension might be 
considered as one of the tests in this series of solid specimens. 
Here, the mean diameter of the tube corresponds to the width, 
while the wall thickness corresponds to the thickness of the solid 
bars. It was found that the ratio of ¢,/e, for the tubular specimen 
at rupture was 0.75. This fits well with the ratios in the last 
line of Table 3. 

Micrographs and Internal Pressure Tests to Check Isotropy of 
Material. The difference in the rupture properties in the axial 
and tangential directions of the tubular specimens could be 


partly explained if the material were anisotropic. Although the 
material in all the tests behaved as an isotropic material before 
the ultimate strength was reached, it is conceivable that some 
directional properties may exist which would tend to make the 
material weak in the tangential direction. Two tests on the small 
tubular specimens, shown in Fig. 3, were run to compare the 
directional properties. The test results together with the results 
of the pure internal pressure test on the larger specimen are 
shown in Fig. 22. There is very little difference between the 
fracture stresses or strains of the smali tubes. In fact all three 
curves lie very close together. The large tube, however, broke 
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Fig. 22 Pure INTERNAL PRessuRE TESTS 


at a lower stress and also a lower strain. This is probably due 
to the fact that the small specimens were much shorter in com- 
parison with the larger tubes and thus may have received more 
support from the ends. 

These tests indicate that there is practically no anisotropy of 
the material, but to check this property further, photomicro- 
graphs of planes normal to the axial and the tangential directions 
were made from sections near the fracture of specimen No. 6 
(o,/¢, = 0.775) and are shown in Fig. 23. The arrows in Fig. 
23 show the radial and the longitudinal directions. There is 
very little change in the sections perpendicular to the axis of the 
bar, but, in the section parallel to the axis, there was considerable 
stretching of the grains in the longitudinal direction during the 
test. 

Impact Tests. There is no apparent evidence in the results of 
the internal pressure tests or in the micrographs which would 
indicate that the material is weak in the tangential direction or 
that it is not isotropic. The impact tests, however, did show a 
very definite weakness in the tangential direction. The results 
of these tests are shown in Table 4. Since there was not enough 


TABLE 4 IMPACT TESTS 


Tangential tests Longitudinal tests 


5.52 ft-lb 6.56 ft-lb 
4.9 7.44 

5.00 6.40 

4.84 

Average 5.1 Average 6.8 


material to make standard specimens, the values of energy given 
here can be used only for comparing the strength in the two 
directions. The average values of impact energy for the bars 


TABLE 3 RUPTURE DATA—AXIAL TENSION TESTS 


Tubular 
“ Item a A B Cc D E specimen 
imensions 1X 0.5 0.15 X 0.5 0.3 X 0.5 0.25 diam 0. i 
Tensile stress 121000 120500 122800 135000 
ia (axial) 0.767 0.785 0.846 0.940 0.780 
éw (width) —0.341 —0.354 —0.403 —0.470 —0.334 
(thickness) — 0.426 —0.431 —0.443 —0.470 —0.446 
0.80 0.82 0.91 0.75 
* 0.20 0.30 0.60 1.00 0.074 


* M = ratio of thickness to width. 
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Fig. 23. PHOTOMICROGRAPHS OF MATERIAL; X 100 


(A, Before test, parallel to axis of bar. 8B, Before test, perpendicular to axis + bar. C, After test, parallel to axis of bar. OD, After test, perpendicular 
to axis of bar.) 


cut from the tangential direction was 5.1 ft-lb, while the energy 
for those cut from longitudinal direction was 6.8 ft-lb. This 
represents a reduction in strength in the tangential direction of 
25 per cent. From Table 1, the average shearing strength was 
40,400 psi in the tangential direction and 55,600 psi in the longi- 
tudinal direction. The reduction in strength in this case was 
27 per cent. These tests seem to establish that the material was 
weaker in the tangential direction in so far as fracture is con- 
cerned, and this is probably the best explanation of the relatively 
low fracture stresses in the tubular specimens which failed by a 
longitudinal crack. 


Errects Wuicn Cause Stresses TO DirFeER From AVERAGE 
VALUES 

Circumferential Stresses in Necked Regions. It has already 

been stated that the stresses and strains used were average values. 


It may be well to consider now some factors which affect the stres- 
distribution in the walls of a tubular specimen. 

In the pure axial tension test, after the neck has started to 
develop, the material is no longer under pure axial tension. Cir- 
cumferential stresses are set up to hold in equilibrium the tensile 
forces in the tapered sections of the neck. Some idea of the 
magnitude of these stresses may be obtained by neglecting the 
bending stresses in the tube wall. When this is done, the tube 
may be treated as a thin shell in which the stresses are given by 
the following equation 


In the pure tension test the pressure is zero and Equation [24) 
reduces to 


(A) 

= 
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where r is the radius of the tube and R# is the radius of curvature 
in the contour of the necked region. The variation of the radius 
and of the wall thickness may be expressed in terms of the dis- 
tance along the axis of the tube. Expressions which will closely 
fit the contour and shape of the actual specimens are 


Ae~*"),.. 


f fo (1 
h = ho (1 


To obtain a better fit, different constants could be used im 
each expression, but for the sake of convenience they have been 
chosen identical in this example. If ¢,. is the axial stress at a 
distance removed from the necked region, then 


= cos? 6. 


dx? 


I 1 cos? 6 
where cos @ = — and cos? @ = 
ds dx? + dr? 


The axial stress then becomes 


gem [1 + 


(29) 


When this expression for «, and the proper expression for the 
radius of curvature R are substituted in Equation [25], the 
tangential stress is 

(1 — Ae~%")[1 + (2A 2227} '/2 


Fig. 24 shows a plot of the radius, the wall thickness, and the 
values of the axial and tangential stresses as a function of the 
distance from the center of the necked region. The constants 
used were r = 0.600, h = 0.088, A = 0.250, and a = 1.25. These 
constants make the equations correspond quite well to the actual 
shape of the tension specimen after rupture. The tangential 
stress at the central part of the neck is 17 per cent of the 
axial stress. This tensile stress decreases along the length of 
the bar and becomes compressive beyond zr = 0.633. 
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It would be hard to say just how closely these stresses resemble 
those in the actual bar. The assumption that the bending 
stresses can be neglected may not be valid, but if the assumption 
is accepted it is quite clear that the average stresses as used in 
the first part of this paper do not represent a complete picture of 
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the actual stresses present after necking has started in the tube. 
In the specimens which bulged out rather than necked in, there 
would also be stresses caused by the change in the radius of 
curvature in the axial planes. The pressure in these cases is not 
zero, and the expressions for a, and a, in terms of the distance 
z would likely be more complicated. 

Variation of Strains With Radius. If a tube of finite wall 
thickness expands while at the same time the wall thickness 
decreases, the particles at the inside surface will undergo a greater 
radial displacement than those at the outside surface. This 
results in larger tangential strains in the fibers at the inside 
surface of the tube wall than in those at the outside surface. If 
some relation between the stresses and the strains exists, then 
it might be expected that the tangential stress would be greatest 
at the inside surface and would decrease toward the outside 
surface. 

Since some of the specimens broke along planes where the 
average stress was not a maximum, it is probable that some 
particular point on the plane of fracture may have had a stress 
much higher than the average, and that the material may have 
failed locally at first due to some high local stress. This local 
failure may have weakened the material so that it failed along 
planes where the average stress was not a maximum. For this 
reason it seemed advisable to attempt an analysis of the stress 
distribution in the walls of the tubular specimens. 

For small strains the well-known equations are applicable 


al 

lo 

r 

[33] 
or 


where » is the radial displacement. For large strains: the de- 
formed and the undeformed state must be distinguished. In the 
discussion which follows, the subscript zero (9) will refer to the 
original dimensions. If a@ is the inside radius and the volume of 
the material remains constant, the relation between the radius 
before and the radius after deformation is given by 


(1 + €,)(r? — a?) = (ro? — [34] 
By making use of this relation, the three principal natural 


strains for large deformations become 


= = In (1 + = + «,)?....... [35] 
lo 2 


p r 1 r? 
P ( 2 (r? — a*)(1 + + ao? (36) 


6 = = = - 


With these equations, it is possible to compute the strains in 
any part of the tube walls as long as the tubes remain cylindrical 


TABLE 5 STRAINS AT RUPTURE OF BAR NO. 6 (et/ea = 0.775) 


Inside surface Outside surface Average value 
r 0.755 0.815 wie 
re 0.625 0.725 
éa 0.277 0.277 
0.188 0.117 
ér —0.465 —0.394 
ytr 0.653 0.511 
jra —0.742 —0.671 
yat 0.089 0.160 
yn 0.662 0.572 
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r R 
dr 
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in shape, that is, as long as the axial strain does not vary with the 
radius. 

Table 5 shows the values of the strains in bar No. 6 (0,/e, = 
0.775) at the inside and the outside surfaces. The average 
values are also given for comparison. The tangential strain 
varies from 19 per cent at the inside surface to 12 per cent at the 
outside surface. 

In order to find the stress distribution, however, some relations 
between stress and strain are needed, and these are just the 
relations which the nonuniform straining that precedes fracture 
tends to destroy. The ordinary method of analyzing such stress 
distributions is to make use of Equation [23], but as has already 
been stated these equations are not valid in the necked portion 
of a flat or tubular specimen. Some such relationship is essential 
for a determination of the stresses at rupture, and until the laws 
governing the distribution of the strains at fracture and the 
manner in which the stresses depend upon these are found, it 
will be necessary to use the average stresses rather than the actual 
stress distribution. 


CONCLUSIONS 


1 The material used in these tests was quite ductile, but the 
amount of extension at fracture depended upon the manner in 
which the material was stressed. In the pure axial tension test, 
the axial strain in the neighborhood of the fracture was 0.780. 
In the circumferential tension test, however, the corresponding 
strain was only 0.164. 

2 The curves for the maximum shearing stress versus the 
maximum natural shearing strain, or for the octahedral shearing 
stress versus the octahedral shearing strain lie very close together 
regardless of the state of combined stress. At present this can 
only be stated for those cases where the axes of principal stresses 
do not rotate with respect to the material. 

3 Before the ultimate strength was reached the material 
behaved as though it were perfectly isotropic. In the solid 
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specimens with rectangular 
cross sections, the strain in 
the direction of the width was 
the same as the strain in the 
direction of the thickness. In 
the tubular specimen, where 
the ration = o,/0, = 0.500, 
the mean diameter did not 
increase or decrease. The 
length of the tubular speci- 
men tested in pure internal 
pressure did not change. 

4 Beyond the point of 

maximum load, however, the 
material did not behave as an 
isotropic body. The distribu- 
tion of the three principal 
strains was not the same as 
before necking or nonuniform 
straining started. This was 
true even in pure axial ten- 
sion if the specimens were 
neither round nor square in 
cross section. For any com- 
plicated structure it is proba- 
bly necessary to run a model 
test to determine the strains 
at fracture. 
5 At fracture the material 
appeared to be weak in the 
circumferential direction. 
This was shown by the results of notched impact tests. 

6 Fracture seemed to occur when the shearing stress reached 
a critical value. This critical value was not the same in all 
directions. In the present investigation, the average shearing 
stress at fracture of those specimens which failed by a circum- 
ferential rupture was approximately 55,000 psi. For those which 
failed by a longitudinal crack, the average value of the shearing 
stress at fracture was about 40,000 psi. This reduction in 
strength in the tangential direction is about the same as the 
reduction in impact strength in that direction. 

7 In most cases fracture occurred along planes of maximum 
shearing stress. In some cases, where the two largest shearing 
stresses were nearly equal, fracture occurred on planes where 
neither the shearing stress nor the shearing strain was a maxi- 
mum. This can be partly explained by anisotropy of the ma- 
terial in so far as fracture is concerned. 

8 The amount of energy absorbed by a unit volume of the 
material adjacent to the fracture will depend upon the shape of 
the specimen as well as the state of combined stress. If the test 
piece is free to neck down, the energy absorbed will be higher. 
In the present tests the highest value of the specific energy was 
obtained in the pure axial tension test. 

9 After necking begins there are secondary stresses set up 
which complicate the stress pattern in the necked region. In an 
example worked out in the text, the hoop stress in the neck of the 
tubular specimen in pure tension was 17 per cent of a4. 
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Temperature Measurements in High- 
Velocity Air Streams 


By H. C. HOTTEL! ano A. KALITINSKY? 


When a stream of air is partially stopped by an inserted 
temperature probe, the temperature increase due to the 
conversion of kinetic energy affects the reading of the 
probe. The fraction of the total kinetic temperature rise 
which is registered by the probe, i.e., the so-called “‘re- 
covery factor” of the probe, is a function of a number of 
variables. Tests dealing with the effect of probe shape and 
air velocity on this recovery factor, and with the influence 
of radiation on the accuracy of the measurements, are re- 
ported in this paper. Bare-wire probes gave recovery 
factors of approximately 0.65 in transverse flow and, in 
axial flow, approached 0.87 as the air velocity increased 
(in good agreement with theoretical predictions for flow 
over flat plates). With a spherical enlargement at the 
thermocouple junction, recovery approached 0.75. Re- 
covery of twisted-wire couples varied from 0.72 to 0.83. 
A reduced-scale model of the Franz probe was found un- 
satisfactory after extensive study. Two simpler probes 
were developed, having high recovery (above 0.98 as 
velocity approaches sonic) and satisfactory insensitivity 
to yaw and radiation errors. 


HE accurate determination of the thermodynamic state 
of gases flowing at high velocities has become increasingly 
important, particularly in the field of aircraft-engine super- 
charging. The thermodynamic state of a stagnant gas is deter- 
mined by its pressure and temperature. If the gas is in motion, 
two ideal states may be defined, the “true”? state which would 
be observed by instruments moving together with the gas, and a 
“Stagnation” state, which the gas assumes when it is brought to a 
complete stop and its kinetic energy is converted, without loss, 
into a temperature rise. A stationary instrument inserted into a 
gas stream may indicate a temperature or pressure corresponding 
to any condition lying between the true and the stagnation 
states and even, under certain conditions, a temperature in ex- 
cess of the “stagnation” temperature. As the pressure and tem- 
perature differences between these two states may amount to as 
much as 13 psi and 130 F for supercharger operation, and up to 
400 F for exhaust gases, it is important to have reliable data rela- 
tive to the interpretation of measuring devices operating in high- 
velocity streams, | 
The pressure measurements present no particular problem, 
since both the true (static) and the stagnation (total) pressure 
can be obtained simultaneously, with all the necessary precision, 
from a Pitot-statie tube. 


1 Professor of Fuel Engineering, Massachusetts Institute of Tech- 
nology, Cambridge, Mass. Mem. A.S.M.E. 

* Pratt & Whitney Aircraft, East Hartford, Conn., associated 
with the Massachusetts Institute of Technology when the work 
described in this paper was carried out. 

Contributed by the Applied Mechanics Division and presented at 
the Annual Meeting, New York, N. Y., Nov. 29-Dec. 3, 1943, of THe 
AMERICAN SocieTy OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
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sion received after the closing date will be returned. 
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With respect to temperature measurements, however, there 
was no clear technique of interpretation available when the 
present project was initiated.* Its objective was therefore 
the determination of the effect of instrument design on the 
temperature measurement, and the development of a satisfactory 
high-velocity temperature probe. The work described here was 
confined to probes for the low temperatures encountered in 
supercharger work. The development of high-temperature 
probes has recently been described in detail by W. J. King (1).¢ 

The difference between the stagnation and the true tempera- 
ture of a moving perfect gas, i.e., the adiabatic temperature rise, 
is given by 

ral 
= 

2gJc, 
where 

7, = stagnation temperature, deg F 

7, = true temperature, deg F 

V = velocity of flow, fps 

g = standard acceleration of gravity, 32.2 fpsps 
J = mechanical equivalent of heat, ft-lb per Btu 
c, = mean specific heat at constant pressure, Btu per |b per 

deg F 


Neglecting for the present any conduction and radiation errors, 
we may define the temperature-recovery factor r of a probe 
as the ratio of measured temperature rise to adiabatic tempera- 
ture rise, i.e. 
where 7’, = temperature indicated by probe, F. A probe with 
a recovery factor of unity will measure the stagnation tempera- 
ture whereas one with a recovery factor of zero will measure the 
true temperature. 
A number of investigators had previously measured the re- 
covery factors of commonly used probes (bare and sheathed ther- 
mocouples, resistance thermometers, and bulb thermometers) 
and of simple bodies. The first reported measurement of the 
recovery factor was made in 1907, by Batho (2), who used a 
thermocouple wire strung axially through the throat of a De Laval 
nozzle. Unfortunately the tests were made with saturated 
steam and yielded a recovery factor of approximately 0, which 
was undoubtedly due to condensation on the wire. These results 
may well be responsible for the lack of interest shown in this prob- 
lem until recently. Later tests with superheated steam (3, 4, 5) 
yielded recovery factors of 0.80 to 0.95. 
Several tests made with flat plates in water consistently indi- 
cated recovery factors greater than 1, in some cases as high 
as 8 (6, 7, 8). This is undoubtedly due to the high value of 
the Prandtl number® for water (7.0 at 70 F). A theoretical 


3 Summer, 1940. 

‘ Numbers in parentheses refer to the Bibliography at the end of the 
paper. 

‘The Prandtl number is defined as cu/k where c is the specific 
heat, u the absolute viscosity, and k the thermal conductivity. It 
represents the ratio of mass diffusivity to temperature diffusivity 
ard is a controlling factor for the temperature distribution in the 
boundary layer. 
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study by Pohlhausen (9) indicates that the recovery factor of a 
flat plate is a function of the Prandtl number of the fluid and is 
close to being numerically equal to the square root of the Prandtl 
number. Recent and more thorough theoretical investigations 
by Emmons and Brainerd (10) confirm these findings. For air 
with a Prandtl number of 0.73, they calculate a recovery factor 
for a thin plate of 0.864 when the air velocity is equal to one half 
the velocity of sound. 

Tests made with air by a number of investigators (7, 8, 11, 12, 
13, 14, 15) were largely inconsistent, with recovery factors vary- 
ing from 0.62 to 0.96, and experimental scatter as high as +0.20. 
Attempts to correlate these results either with probe shape or 
with test conditions were entirely unsuccessful. This suggested 
that inadequate precautions had been taken against radiation 
and conduction errors, and that the precision of the temperature 
measurements themselves was perhaps inadequate. 

It became apparent that any new investigations would be of 
value only if test methods and apparatus were used which per- 
mitted close control of the various causes of errors. The authors 
believe that the test setup used in this investigation largely ful- 
filled this condition. 


Test APPARATUS AND ProceDURE 

The test setup, which is shown diagrammatically in Fig. 1, 
consisted essentially of an air compressor, a set of surge tanks, 
intercoolers, and oil filters, a stagnation tank where the initial 
state of the air could be determined accurately, a high-efficiency 
nozzle and a jet chamber with heated walls and universal probe 
supports. The size of the compressor available at the time re- 
stricted most of the tests to air velocities under 400 fps. In the 
light of subsequent experience, this was a fortunate limitation, 
since it forced the development of sufficient accuracy to meas- 
ure small temperature differences. However, the calibration 
of the high-velocity probes was later carried up to the velocity of 
sound by moving the test rig to the Pratt & Whitney aircraft 
experimental test department in East Hartford, where an 
adequate air supply was available. 

Special precautions were taken to obtain clean air since some 
small-sized probes with easily clogged holes were investigated. 
A dust filter was used at the blower inlet, and one of the surge 
tanks was filled with steel wool. Furthermore, a cone-shaped 
fine-mesh brass-wire screen was placed at the inlet to the stagna- 
tion-tank diffuser to stabilize the flow and to prevent the forma- 
tion of high-velocity cores in the stagnation chamber. 

The stagnation chamber itself was designed for a flow velocity 
equal to '/10 of the nozzle velocity. The error introduced 
into the measurement of the initial pressure and temperature by 
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the air velocity in the chamber was therefore less than 1/10,000 
of the dynamic head. A uniform axial flow at the nozzle inlet 
was obtained by a honeycomb straightener located approxi- 
mately 1 chamber diam ahead of the nozzle. The stagnation 
tank was placed vertically to avoid unsymmetrical conditions 
due to convection. The nozzle itself was designed in accordance 
with Prandtl’s recommendations to provide a good jet struc- 
ture with a minimum of turbulence. Downstream of the throat, 
the nozzle widened slightly into a short cylindrical section having 
a diameter of 1.02 times the throat diameter. A 1-in-diam nozzle 
was used in all tests. Fig. 2 shows velocity traverses taken in 
four locations at different distances from the nozzle end. A 
greatly enlarged view of the top section of the traverses, Fig. 3, 
shows the existence of a core of purely potential flow, over '/; 
in. in diam and over */s in. long. Even at a distance of 1 in. 
from the nozzle throat, the average velocity coefficient in the 
same region is still above 0.998. : 

A reliable determination of the stagnation state of the jet is of 
primary importance for the accuracy of any recovery-factor meas- 
urements. The stagnation temperature and pressure of the jet 
are by definition equal to the initial temperature and pressure 
of the air in the stagnation chamber, providing that the expansion 
is isentropic or, in other words, that there is no friction loss and 
no heat transfer during the expansion. The velocity traverse= 
of Figs. 2 and 3 show that the first condition was satisfactorily 
fulfilled for the central core of the jet. The second condition 
was taken care of by insulating the stagnation tank and the 
nozzle carefully, and by providing a radiation shield over the 
top face of the nozzle body. Furthermore, the air delivered 
by the compressor was cooled back to the ambient temperature 
by letting water flow over the outside of the surge tanks. Keep- 
ing the stagnation temperature equal to the room temperature, 
which minimized conduction and radiation errors all along the 
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line, proved to be one of the most important factors in insuring 
the accuracy of the measurements. After various systems had 
been tried out, a satisfactory stagnation-temperature measure- 
ment was obtained by using four couples connected in parallel 
and suspended, inside small aluminum shields, at four points 
in the honeycomb. The stagnation pressure was measured by 
an impact tube located centrally in the stagnation tank between 
the honeycomb and the nozzle. 

The jet chamber was surrounded by a cylindrical shield pro- 
vided with surface thermocouples and a heating coil wound on 
the outside and insulated to insure a uniform temperature dis- 
tribution. The heating coil was used for determining the radia- 
tion sensitivity of various probes. For straight recovery meas- 
urements it was found more reliable to keep the probe tempera- 
ture equal to the room temperature, particularly since the shield 
covered only 59 per cent of the field of vision of the probe. Errors 
due to conduction along the wires and the probe supports were 
also eliminated by the latter method. 

The measuring techniques which were used to obtain the 
required accuracy are described in the Appendix. 


REQUIREMENTS 


In selecting a method of temperature measurement in high- 
velocity streams, the choice has to be made between probes de- 
signed to record the true temperature, probes to record the stag- 
nation temperature, and conventional probes accurately cali- 
brated for recovery factor. 

Since any stationary probe inserted into a stream will always 
slow down the gas in its immediate vicinity, a measurement of 
the true temperatures with ordinary probes is not possible. 
The absorption of alpha particles, electrons, and X rays has 
been used for true temperature measurements (16, 17, 18), but 
all these methods actually measure the density of the gas, from 
which the temperature may be calculated if the exact composi- 
tion and the absolute pressure are known. They are, further- 
more, quite inaccurate and do not lend themselves to a practical 
application. A radiation method, utilizing the presence of 
high-emissivity substances in gasoline-air mixtures and in ex- 
haust gases, has also been considered. A radiometer is aimed 
at a “black body” of controllable temperature, alternately 
through the gas jet and around it with the help of mirrors. When 
the radiometer reading is the same in both cases, the tempera- 
ture of the black body is equal to the true temperature of the 
gas. The accuracy for a 1-in. optical path in a gasoline-air 
mixture can be roughly estimated at 1 per cent of the absolute 
temperature. This accuracy could, no doubt, be considerably in- 
creased by the use of mirrors to multiply the path length and 
by an increase in the sensitivity of the thermopiles used. Since 
the radiation method obviously does not lend itself to routine 
testing and development work, it was not further investigated. 
It may, however, have an application in research work, for ex- 
ample, in investigating the effect of the presence of gasoline on 
supercharger efficiency. 

Stagnation-temperature measurements have the advantage 
of yielding more representative data with respect to energy con- 
ditions and, in many cases, with respect to heat transfer, than 
intermediary readings obtained with a calibrated conventional 
probe. The principal advantage of a stagnation probe lies, 
however, in the considerably improved reproducibility of calibra- 
tion results. It is quite natural that a probe designed to create a 
definite stagnation zone will be less sensitive to small changes in 
size and shape than an exposed body for which the recovery fac- 
tor is governed principally by the configuration of the boundary 
layer. 

The probe which indicates a temperature close to the stagnation 
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temperature has the further advantage of facilitating the inter- 
pretation of the readings. Since both the adiabatic temperature 
rise and the recovery factor are functions of the air velocity, this 
velocity has to be known before the readings can be interpreted. 
However, either the stagnation temperature or the true tem- 
perature must be known or estimated before the air velocity 
can be calculated from Pitot-static tube measurements. If the 
recovery factor of the probe is close to unity, the error introduced 
by using the temperature indicated by the probe in place of the 
stagnation temperature for calculating the air velocity is usually 
negligible. 

These considerations are naturally of particular importance 
for measurements in the high-velocity region, up to the velocity 
of sound. For velocities below 300 fps, the use of special stag- 
nation probes is rarely justified. The required accuracy is ob- 
viously determined by the purpose of the temperature measure- 
ment. Temperature measurements may be used for the direct 
determination of supercharger efficiency without the use of 
power-input measurements, or for separating impeller and dif- 
fuser efficiencies. The order of magnitude of the changes in 
energy being measured is then comparable to that represented 
by the adiabatic temperature rise associated with the flow veloe- 
ity. Therefore, the fractional error in the efficiency calcula- 
tions is substantially equal to the error in the estimation of the 
recovery factor. On the other hand, if the temperature meas- 
urements are used for calculating quantities related by the 
“vas law,” for instance, the air density, the error introduced is 
equal only to the fractional error in the absolute temperature 
value. In the latter case, the permissible error is roughly 10 
times as great as in the former. The relative importance of 
errors in calculations related to heat transfer is, generally speak- 
ing, about midway between the two. 

For measurements which do not justify the use of special 
stagnation probes, the recovery characteristics of commonly 
used bare-wire thermocouples were investigated. The repro- 
ducibility of the test points was found to be generally better than 
+5 per cent of recovery. This may be considered entirely ade- 
quate for temperature measurements in the low-velocity range 
(below 300 fps). 

New stagnation probes for high-velocity measurements had 
to be developed, since the diffuser-type Franz probe (13) proved 
unsatisfactory. Apart from obtaining a sufficiently high re- 
covery factor throughout the useful velocity range, special atten- 
tion had to be given to making the probe insensitive to orientation 
and radiation errors. 

Orientation errors can be caused by the misalignment between 
the probe and the direction of flow which cannot always be 
avoided. A satisfactory probe should be insensitive to angles of 
yaw of at least 10 to 15 deg. 


RADIATION ERRoRs 


Radiation errors are caused by the usually unavoidable differ- 
ences between the stagnation temperature and the temperature 
of the walls of the duct into which the probe is inserted. It was 
expected at first that stagnation-type probes would be relatively 
sensitive to radiation, because of the purposely low velocity— 
and therefore low heat-transfer coefficients—at the thermo- 
couple junction. This is no doubt true for the open type of stag- 
nation probe developed by Wimmer (15), which was not investi- 
gated on this account. Probes designed with a stagnation 
chamber proved to be, on the other hand, quite insensitive to 
radiation, the shielding effect of the chamber walls being ap- 
parently quite adequate. The radiation error for a probe with 
an enclosed stagnation chamber may be expressed by the fol- 
lowing equation, derived in the Appendix: 
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Cr. 
T.. —T, = (T,4— T,,‘) 


where 

T, = probe reading, deg F abs 

T-, = temperature that probe would indicate if 

there were no wall radiation, deg F abs 

T. = wall temperature, deg F abs 

T » = arithmetic mean of 7, and T, 
V = air velocity, fps 

a, b, C = constants for a given design 


The variation of 7, throughout the tests was not sufficient 
to permit a separate determination of the constants a and C. 
It was found that a good correlation of the test points was 
achieved by using a simplified equation which is similar to the 
equation for a bare wire 


1 
where K = constant for a given probe design. 

The radiation-sensitivity values reported here cannot be 
extrapolated for widely different temperature conditions. They 
should, however, be entirely adequate for the full range of super- 
charger operating conditions. 


Tests ON BarE-WIRE THERMOCOUPLES 


Butt-welded iron-constantan thermocouples were made up 
from No. 24, 30, 36, and 40 gage wires (0.020, 0.010, 0.005, and 
0.0031 in. diam, respectively). After considerable experimenta- 
tion, practically perfect cylindrical welds were obtained. A 
“‘ball-junction’”’ thermocouple was made up by melting a 0.070-in- 
diameter solder ball around the butt-welded junction of a No. 30 
gage (0.010-in-diam) thermocouple. ‘“Twisted-wire’’ couples 
were made by twisting No. 30 gage insulated iron and constantan 
wires over a length of '/: in. and welding the ends together. The 
weld ball had a diameter equal to 2 wire diam. It is important 
that the insulation of the twisted part of the wire remain un- 
damaged up to the very tip. This was achieved by using mer- 
cury-are welding. 

All these couples were tested in both an axial and a perpendic- 
ular position relative to the flow. Fig. 4 shows the recovery 
factor, plotted against air velocity for the butt-welded and ball 
junctions. In contrast to the curve representing all four wire 
sizes in perpendicular flow, the apparent disagreement among the 
wires in axial flow, necessitating two curves, requires an ex- 
planation. It is to be expected that the recovery characteris- 
tics of an axially located wire will be similar to those of a flat 
plate if the boundary-layer thickness is small in comparison to 
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the wire diameter. In all these tests, the wire was strung directly 
through the nozzle throat, and the distance from the throat to the 
junction was held constant. Since the air temperature and pres- 
sure were substantially the same throughout the tests, it may be 
assumed that the boundary-layer thickness at the junction was 
inversely proportional to the square root of the air velocity (10). 
The ratio of the wire diameter to the boundary-layer thickness 
can therefore be assumed to be proportional to the value 

aVV 
where 
d = wire diameter, ft 
V = air velocity, fps 


A more general correlation seems to be obtained by plotting 


the test points for all four wires in axial flow against d‘V V, 


as shown in Fig. 5. For values of aVV above 0.01, the re- 
covery factor gradually approaches a value of 0.87, which is in 
surprisingly good agreement with the theoretical figures for a 
flat plate obtained by Emmons and Brainerd (10). Unfor- 
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tunately, not enough experimental data were available definitely 
to confirm this correlation. 

The considerable influence of the junction shape on the 
recovery factor is illustrated in Fig. 6, where all the test data 
for No. 30 gage wires, with and without the solder-ball junction, 
are plotted against an arbitrary parameter of shape. One might 
be tempted to deduce a recovery factor of 0.75 for a perfect 
sphere by interpolating these data. 

Fig. 7 shows recovery factors obtained for twisted thermo- 
couples in axial and perpendicular flow. 


Tue RepvucED-SCALE FRANz PrRoBE 


The design of this probe, which was scaled down considerably 
from the original German layout (13), is shown in Fig. 8, to- 
gether with the original calibration data. This probe has been 
quite widely used, and a number of calibrations have been made 
since, showing relatively wide variations between individual 
probes. The air enters through a small nozzle at the tip of the 
probe and is brought to a near standstill in the stagnation cham- 
ber by means of a diffuser. Ventilation sufficient to compensate 
for heat losses due to conduction and radiation is provided by 
small holes drilled through the chamber walls downstream of the 
thermocouple junction. 

Characteristic of the reduced-scale Franz probe is its high 
sensitivity to angle of yaw, Fig. 8, and the pronounced scattering 
of the calibration points, probably due to an inherent insta- 
bility of the diffuser. The sharp break in the recovery-factor 
curve that occurs below 300 fps is probably caused by a transition 
from turbulent to laminar flow in the nozzle throat. The Rey- 
nolds number scale in Fig. 8 was calculated for the throat diame- 
ter and the probable throat velocity; the latter takes into ac- 
count the area ratio of diffuser throat to vent holes as well as a 
discharge coefficient of 0.80. It can be seen that the break in 
the recovery-factor curve occurs in the critical Reynolds range 
between 2000 and 3000. The three points at 340-350 fps show 
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signs of instability, usually associated with a critical zone. It is 
possible that the break in the recovery-factor curve may be shifted 
toward still lower velocities if the probe is used in a highly tur- 
bulent stream. Nevertheless, a check run with a thin wire 
strung across the jet to induce turbulence failed to reveal any 
shift in the break of the curve. 

Various attempts were made to improve the Franz-type probe 
both with regard to recovery factor and to orientation sensitivity. 
A probe in which both the vent opening and the distance of the 
junction from the rear stagnation-chamber wall could be ad- 
justed during operation was investigated. The results of these 
investigations are shown in Fig. 9, where a positive ‘change in 
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reading’’ indicates an improvement in recovery factor. It can be 
seen that increasing the vent opening beyond a certain value 
does not bring any improvement in recovery factor but tends to 
increase the scattering of the probe readings. The lower plot in 
Fig. 9 indicates that the distance of the junction from the wall 
has quite a marked effect, with the suggestion of an optimum 
value, which may partially explain the lack of reproducibility 
for this type of probe. Even the optimum settings did not bring 
the recovery factors up to the values reported by Franz. It is 
possible that the large scale of the probe used in the German 
tests was responsible for the better results obtained there. The 
diameter of the probe is not specified by Franz, but it may be 
estimated from the drawing details at approximately 1 in. Since 
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a probe of that size is quite impractical for supercharger work, 
no further investigations in that direction were made. Various 
ittempts to improve the orientation sensitivity of the probe by 
changing the shape of the tip were entirely unsuccessful. 


M.L.T. Prope 


The M.I.T. probe was designed to obtain better orientation 
characteristics and to eliminate the instability of the diffuser. 
It was made adaptable to small-scale construction. Fig. 10 
shows the design and performance of this probe. The probe 
body and support were made from stainless-steel hypodermic- 
needle tubing. The thermocouple itself was made from No. 40 
gage iron and constantan wires with spun-glass insulation. The 
recovery factors are somewhat higher than for the Franz probe, 
and the scattering of the calibration points is relatively small. 
The orientation characteristics are favorable, with a range of 
complete insensitivity to yaws up to +12 deg. The recovery 
seems to improve slightly toward the edges of this range, before 
dropping off. This is probably an indication of insufficient vent- 
hole area. 

Fig. 11 shows the radiation-sensitivity calibration of the 
M.I.T. probe. These data have been corrected for the condition 
that the radiating walls of the jet chamber in the test setup 
covered only 59 per cent of the field of vision of the probe. The 
radiation error may be obtained for a given operating condition 
by first determining the value of the ratio (7,4 — 7,4) /(Tr, — T:) 
for the prevailing air velocity from Fig. 11. The radiation error 
(T,, — Tr) can then be calculated if the wall temperature, 7’,, 
and the temperature indicated by the probe, 7,, are known. By 
way of example, if the air velocity is 200 fps, the probe reading 
75 F (535 F abs), and the wall temperature of the surrounding 
duct 350 F (810 F abs), the increase in the probe reading due to 
radiation will amount to 0.3 F. 


Tue Pratt & Wuirney Prope 


After the conclusion of the project at M.I.T., the further de- 
velopment of the stagnation probes was carried on by Pratt & 
Whitney Aircraft. The M.I.T. probe, as originally designed, 
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was difficult to manufacture and was not rugged enough to with- 
stand the severe vibrations encountered in actual supercharger 
testing. These shortcomings have largely been overcome in the 
Pratt & Whitney probes. 

Fig. 12 shows the construction and performance of one of the 
several designs which have been developed. It is to be noted 
that the curve of recovery factor versus air velocity is remarka- 
bly similar to that for the M.I.T. probe. It is apparent, there- 
fore, that negligible sacrifice in performance has accompanied 
the simplification. Either probe is preferable to the Franz probe, 
in simplicity of design, insensitivity to yaw, and high recovery 
factor. Despite the presence of but one shield around the P & W 
probe, its radiation sensitivity has been found to be essentially 
the same as that of the original M.I.T. design. Consequently, 
Fig. 11 may be used to estimate the radiation error. 
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CONCLUSIONS 


The Pratt & Whitney high-velocity stagnation-temperature 
probe is satisfactory for precision measurements. It has good 
recovery characteristics, is insensitive to angles of yaw under 12 
deg, and is not subject to serious radiation errors. Bare-wire 
thermocouples can be used for the great majority of measure- 
ments at velocities below 300 fps; sufficiently accurate informa- 
tion on their recovery factors is now available. 

The recovery characteristics of bare-wire thermocouples and 
of stagnation probes are probably functions of both the Reyn- 
olds and Mach numbers. The tests described here were con- 
ducted at substantially constant values of air temperature and 
pressure. The only variable in both the Reynolds and the Mach 
numbers was, therefore, the air velocity, and all results have been 
plotted directly against velocity. They cannot be safely ex- 
trapolated beyond the pressure and temperature range of nor- 
mal supercharger operation until further experimental results are 
obtained. The same limitations apply to the radiation data, 
since the radiation sensitivity of the stagnation-type probes is 
probably a function of the absolute-temperature level. 

Extreme care must be used in experimental investigations of 
temperature recovery characteristics to obtain reproducible re- 
sults. The precautions taken during this investigation have 
therefore been described in some detail. 
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Appendix 
NOMENCLATURE 
The following nomenclature is used in the appendix: 


= temperature exponent, radiation correction 
= velocity exponent, radiation correction 
= constant, radiation correction 
= specific heat at constant pressure, Btu per lb per deg F 
wire diameter, ft 
= standard acceleration of gravity, 32.2 fpsps 
= mechanical equivalent of heat, ft-lb per Btu 
= constant, simplified radiation correction 
= recovery factor 
T, = “stagnation” temperature, deg F abs 
T; = “true” temperature, deg F abs 
T, = temperature indicated by probe, deg F abs 
= temperature that probe would indicate if there were no 
wall radiation, deg F abs 
T, = wall temperature, deg F abs 
T we = arithmetic mean of 7’, and T,, deg F abs 
V = air-stream velocity, fps 


Test ProcepURES 


All thermocouples used in the tests had uninterrupted wires 
from the hot junction to a double ice junction located immedi- 
ately beside the probe support. The Type K potentiometer used 
could be read to 1 microvolt, which with iron-constantan couples 
is equivalent to approximately 0.035 deg F. It would have been 
entirely impractical to obtain, for all the thermocouples involved, 
absolute calibrations of even comparable accuracy. Instead, 
the rate of change of the emf with temperature was obtained for 
each couple as a function of the observed emf, and each couple 
was intercalibrated directly with the stagnation-temperature 


couple at the actual operating condition of each separate test. 
This method has the advantage that the error due to calibration 
is proportional to the temperature difference between the refer- 
ence stagnation couple and the couple that is being tested. The 
per cent error is therefore constant, even if a very small differ- 
ence between two large magnitudes is being measured. The rate 
of change was obtained by calibrating the thermocouples for 
deviation from the Bureau of Standards standard emf curves. 
The rates of change of both the standard curve and the deviation 
curve can be obtained with great accuracy. The rate of change 
of the actual couple is then equal to the sum of the two. 

Before each test, when stable operating conditions had been 
obtained, the couple or probe to be tested was inserted into the 
stagnation chamber beside the reference stagnation couple. 
The emf difference between the two couples, which were now at 
exactly the same temperature, represented their intercalibration 
for that particular temperature. The test couple was then placed 
in the jet, without changing the operating conditions, and its 
emf, as well as that of the stagnation couple, were again recorded. 
The difference of the two emf values minus the previously ob- 
tained intercalibration value was multiplied by the rate-of-change 
figure of the test couple, giving the actual temperature differ- 
ence between the reference couple and the test couple with a 
high degree of precision. 

The permissible error in the measurement of the absolute 
value of the stagnation temperature is at least 10 to 20 times 
greater than the one in the measurement of the difference be- 
tween the probes, since it enters into the calculations of the 
adiabatic temperature rise only to the extent of its ratio to the 
absolute temperature 7}. A calibration accurate to within 0.3 deg 
F, which was easily obtained, was considered adequate for this 
purpose. 

A slight drift in air temperature during the test runs could not 
be completely avoided. This temperature drift introduced a 
substantial error caused by the differences in heat capacity and 
heat absorption between the reference couple and the test probe. 
The reference couple usually lagged behind the probe in the 
jet, causing variations of up to 10 microvolts, depending upon 
the direction and the velocity of the drift. After this had been 
discovered, all data were obtained by taking, for each test point, 
a sufficient number of readings (usually 20) at regular intervals 
and changing the drift gradually by changing slightly the cool- 
ing-water flow over the surge tank. The observed emf differ- 
ences were then plotted against drift velocity and interpolated 
for zero drift. The residual scatter at zero drift was usually 
within the estimated +1 microvolt accuracy. The accuracy 
requirements, in the low-velocity range which was used in most 
of the preliminary tests, are naturally very severe, since the 
adiabatic temperature rise is only about 2 deg F at 150 fps, and 
13 deg F at 400 fps. A 1 per cent change in recovery factor 
therefore represents only 0.02 deg F at 150 fps, or 0.13 deg F at 
400 fps. The accuracy of the temperature-difference measure- 
ments themselves can be estimated at 0.04 deg F, the accuracy 
of the over-all results in the low-velocity region at 0.1 deg F. 
However, the calibration of high-velocity-type probes in terms 
of recovery factor shows a reproducibility of +1 per cent recov- 
ery, with 80 per cent of the points varying less than 0.3 per cent, 
over the entire velocity range. 


RADIATION ERRORS 


The equation for radiation errors may be derived from the 
heat balances. Let T7,,, 7,, T, represent temperatures of sur- 
rounding walls, shield, and couple junction, respectively. Let 
Cw, and C,, represent radiation coefficients for interchange be- 
tween wall and shield, and shield and junction, respectively. 
Let h, and h, represent convection coefficients at shield and junc- 
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be 


tion, respectively. Assume effective temperature of gas, for 
convection to both shield and junction, is 7;,, the temperature 
the junction would have had if there were no wall radiation. 
Then 


CATE FH WALT, Ta)... [1] 
C.,.(T,4— = h,(T, — Tr)....- [2] 


Designating the arithmetic mean of 7, and 7, (or T, and T,) 
by 7’. (or 7,,,), and remembering that to a very close approxima- 
tion 

one obtains from Equations [1] and [2] the expression for the 


radiation error 


4C os 4C,, 
+ Tue? h, + 


Since 7',, is midway between 7’, and 7, and 7,, is midway be- 
tween 7’, and T,, a quite small error should be introduced, over 
the restricted range of variables involved, by the following sub- 


stitutions 
CC, =C, 
hh, h,,* 


AC T he AC Top? hy = 8 
Making these substitutions, one obtains from Equation [3] 


Ty? 


lin? + 8Cm Tor? hin 


Expressing h, as SV* and h, as RV’, where V is the air velocity of 
the main stream 


40° 7 
Tro Ty. = et+r 


+8c, VSR V2 T,,! 


(7,4 


If the first term in the denominator of the bracket is unim- 
portant relative to the second, the bracketed term reduces to 
C,/V™, which is analogous to the result for a bare wire. If the 
first term in the denominator is controlling, however, (case of 
shiny surfaces of low emissivity, and good access to them for 
convection) the bracket becomes C,7',,?/V2". In practice a 
power function of the form CT,,"/V° should suffice, with a 
between 0 and 3, and b between m and 2m (about 0.7 — 1.4, 
since m is the geometric mean of exponents applicable to flow 
over a surface and flow over a thermocouple junction). For con- 
ditions where the temperature level 7',, is constant, a function 
of the form 1/KV’° should be adequate. 
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A New Design Criterion for Wire Rope 


By D. C. DRUCKER! ano H. TACHAU? 


Several previous attempts have been made to analyze 
existing experimental and field data on wire rope running 
over sheaves, in order to arrive at a basis of design. It is 
believed that this paper is the first to indicate that a di- 
mensionless bearing-pressure variable B = 27/UdD is of 
prime importance in the proper choice of wire rope. Its 
significance is evident in the plot of life (number of cycles 
to failure) against this bearing-pressure ratio B, Fig. 1, 
which shows a well-defined curve for several ordinary lay 
6 X 37 ropes. Also, the scatter in test results for many 
different ordinary lay ropes of 6 X 19 and 6 X 37 construc- 
tion, Fig. 2, is less than might be expected from the con- 
siderable variation in testing procedure and the wire rope 
itself. In addition, the average curves, Fig. 3, for ordinary 
lay ropes of different construction all show similar char- 
acteristics and fall within the same range. This closeness 
of agreement in both shape and magnitude can easily be 
explained on the basis of the compressive stress between 
the wires but not on the nominal bending and direct ten- 
sile stresses that have in the past been considered the 
important quantities. Plotting against these conven- 
tional variables, either singly or in combination, at best 
leads to families of curves instead of one only for a given 
construction, thus requiring more data and leading to 
conclusions which probably have less physical meaning, 


Figs. 4 (a, b, c, d). 


NOMENCLATURE 
The following nomenclature is used in the paper: 


A = metallic cross-sectional area of wire rope, sq in. 
B = dimensionless bearing-pressure variable = 27/UdD 
D = pitch diameter of sheave, in. 
d = diameter of wire rope, in. 
5 = diameter of wires in wire rope, in. 
E = Young’s modulus of wire steel, psi 
Er = modulus of rope, psi (approximately 0.4 E) 
M = number of ropes supporting load 
N = number of bends to failure 
p = bearing pressure = 27'/dD, psi 
S, = bending stress, psi 
S. = contact stress, psi 


S, = tensile stress, psi 
T = tension in wire rope, lb 
U = 


ultimate tensile strength of wires, psi 


INTRODUCTION 


The Whiting Corporation of Harvey, Ill., commissioned the 


1 Supervisor, Mechanics of Solids, Armour Research Foundation, 
Chicago, Ill. Jun. A.S.M.E. 

Formerly Assistant Engineer, Armour Research Foundation, 
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cepted until April 10, 1945, for publication at alater date. Discus- 
sion received after the closing date will be returned. 
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Armour Research Foundation to undertake an investigation of 
the factors influencing the life of wire rope with a view to estab- 
lishing simple design criteria and methods of maintenance and 
inspection. 

It was expected at first that the project would involve a great 
amount of laboratory testing. However, it soon became clear 
that the proper method of attack might be the interpretation 
of the data already in existence rather than the obtaining of 
further test data. Accordingly, a comprehensive survey of the 
literature on wire rope was carried out, and all available data 
were carefully analyzed. 

Technical publications contain two sources of information 
on wire rope: the results of experimental investigations, and the 
reports of field observations. When interpreted properly, the 
experimental work is consistent and leads to useful and definite 
results. Unfortunately, field reports show little consistency, 
and their interpretation seems to depend more upon the inter- 
preter than the original data. 

A considerable amount of experimental endurance testing of 
wire rope running over sheaves had been reported on by the 
British Wire Ropes Research Commission under the direction of 
Dr. Walter A. Scoble (1),? and by the Institut fiir Férdertech-: 
nik in Stuttgart under the direction of Dr. Richard Woernle (2). 
(The researches of Scoble occupying 15 years are probably of 
greater importance as the loads used were in the practical range.) 
Despite the wealth of data, neither formulated a useful simple 
basis of design because of the methods of analysis that were used. 
The first step was therefore to reinspect this data in an at- 
tempt to find the correlating variables. 


A New DgsIGn CRITERION 


The reasons for failure of wire rope are many and they are 
interlocked in a complex manner. In very general terms, it 
may be said that a wire rope finally fails as a result of fatigue and 
wear. However, the life of the wire ropes tested by Scoble and 
by Woernle undoubtedly was mainly a function of the state of 
stress in the rope, and failure resulted primarily from fatigue. 

Therefore, in the analysis of these data computation of the 
various nominal and actual stresses is desirable from a purely 
empirical point of view. The conventional procedures are to 
plot the number of bends to failure against the direct tensile 
stress (7'/A), the assumed bending stress (Hi/D, Ep 5/D, or 
slight modification), the sum of the two, or equivalents, as, for 
example, d/D or D/d. 

All such procedures have been used frequently, and invariably 
result in a scattering of points over the range of the variables. 
and necessitate drawing uncertain families of curves. It can 
therefore be presumed that fundamentally they do not properly 
take into account the true cause of the fatigue of the rope. 

Thus it was indicated that some other stress or combination 
of the conventional stresses might have to be considered. The 
nominal bearing stress between rope and sheave 27'/dD, seemed a 
reasonable selection on both counts. This cross compressive 
stress might be important because it produces high contact 
stresses or significant because it adds greatly to the friction be- 
tween the wires and may markedly increase the bending stresses. 

The endurance limit of the material should also be taken into 
account, in order to consider data taken from ropes of different 


* Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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unit strengths. As the evdurance limit is a function of the state 
of stress as well as of the material, the proper value to use was not 
at all evident. Furthermore, fatigue values for the wires them- 
selves were not generally available. Therefore, the ultimate 
tensile strength U of the wire was used instead and the variable 
2T/UdD, which is dimensionless, decided upon. It is recog- 
nized, of course, that a fatigue limit should be used instead of the 
ultimate strength as the two are by no means in the same ratio 
for all wire steels. 

A more abstract method of arriving at such variables is to 
write down all the quantities that could conceivably enter into 
the life of wire rope, e.g., T, 5, d, D, E, U, angle of lay, coet- 
ficient of friction, ete., form dimensionless groups, and either 
blindly try all, or attempt to use physical reasoning to pick 
those most likely to be of use. 

Fig. 1 is a plot of all the data Scoble and Woernle present for 
ordinary lay 6 X 37 rope, and indicates very strongly that 
2T /UdD is a physically significant variable. 
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Fig. 2 is a plot of all data presented for ordinary lay 6 X 19 
and 6 X 37 construction and contains many more points, a 
number of special ropes, and a very wide variety of loading and 
geometric conditions. Despite this, most of the points fall in- 
side a well-defined region. However, there is an indication that 

, (2T/UdD), does not alone completely explain the fatigue 
failure of wire rope. Results for individual ropes agree much 
better among themselves than with results from other ropes. 
Additional variables such as sheave condition, manufacturing 
procedure, initial stress, lubrication, velocity of travel, etc., 
probably play an important role even in laboratory testing. 
However, Figs. 1 and 2 show that the dimensionless bearing pres- 
sure is certainly a sufficiently good variable for engineering pur- 
poses; furthermore, there is apparently no consistent trend with 
any of these other factors so it may be presumed that the scatter 
is mainly the usual experimental variation. 

Fig. 3 is further evidence in favor of B, as all the average curves 
for different constructions have similar shape and are of the same 
order of magnitude. A value of B of 0.0010 will insure long ex- 
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perimental life for a stiff 6 X 12, and a value of 0.0015 will do for 
the more flexible hoisting ropes. 

Fig. 4(a) is a plot of “ the average tensile stress in the rope, 
versus N, the number of cycles to cause failure. The scatter is 
large, and although some points with the same : would join up 
fairly well, others would show marked deviations. 


Fig. 4(6) is a plot of Z D the nominal bending stress versus NV. 


Fig. 4(c) is a plot of A +E pte nominal maximum combined 


stress versus N. 
: i é 
Fig. 4(d) is a plot of A + (0.44) p versus N and apparently 


shows a fairly good correlation. The use of 0.4Z or approxi- 
mately Eg, the modulus of the rope, has been suggested before 
(3). However, closer examination of the points of Figs. 2 and 
4(d), shows how much better the results are when B is used. 
The range of the scatter in the B direction at any N is much 
smaller compared to the total variation in B than the correspond- 


T 
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MEANING OF NEW CrireRIon, B 


One of the first conclusions to be drawn, assuming the engi- 
neering validity of the dimensionless bearing pressure, is that it is 
just as effective to double the diameter of rope as to double the 
diaméter of sheave, for each cuts B in half. This is of course 
directly opposed to the bending-stress school of thought. 

It is probable that some limit of D/d exists below which it 
would not be safe to go because of very high bending stress and 
abrasion, and certainly a high upper limit where the tensile 
stress will govern. However, the experimental data cover a wide 
range extending below the present specification limitations on 
the ratio of sheave diameter to rope diameter. 


DesIGN ON Basis or B 


In present-day design, the common procedure is to choose the 
diameter of rope d, primarily on the basis of the tensile force T, 
modified somewhat by the probable sheave diameter D, and then 
choose the sheave diameter so that the “bending stress” will not 
be too large (D/d greater than 24, or whatever number is specified 
for the particular application and construction of rope). As 
specifications are a codification of experience gained over the 
years from field observations, it is only reasonable to expect that 
they must in general lead to a satisfactory useful life. However, 
because they are empirical they may often not cover special cases. 
Such problems arise when, for example, permissible clearances 
limit the diameter of sheave, or when the number of ropes in a 
hoisting arrangement is to be reduced. 

When designing on the basis of B, the procedure is to vary the 
number of ropes supporting the load, the diameter of rope, and 
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the diameter of sheave. Because there are more variables than 
conditions determining them, many designs are possible and the 
judgment of the designer must be relied upon to determine the 
most suitable. Fig. 5 shows a graph for determining rope and 
sheave diameters on the basis of B. 

Suppose, for example, that a crane hoist is to have a rated 
capacity of 10 tons. Further, suppose that most of the time 
only light loads will be lifted and that an equivalent load of 4 
tons or 8000 lb may be used for design purposes. Figs. 2 and 3 
indicate that a value of 0.0015 for B will in general insure satis- 
factory life for a commercial hoisting rope. 8000 tb divided by 
M (the number of ropes) is substituted for T. The ultimate 
tensile strength U will be taken as 240,000 psi. 
B = 2T/UdD = 2 X 8000/(M xX 240,000 x dD) = 1/(15MdD) 
15 MdD =.1/0.0015 
dD = 44.4/M 


The ropes should, in addition, be designed to carry at least 
200 per cent of the rated 10 tons without yielding in direct ten- 
sion. A few possible solutions are ordinary lay 6 X 19 o0r6 X 37, 
as listed in Table 1. 


PossIBLE EXPLANATION FOR SIGNIFICANCE OF B 


The determination of stresses in wire rope is an exceedingly 
complex problem. Friction between the wires, the adjustments 
that occur in varying degree, as, for example, slipping of the wires 
and the strands past each other, compression of the hemp core, 
all introduce difficulties. In addition, there are initial stresses 
set up in the manufacture of the rope which are probably fairly 
large. 
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(Note that some undetermined limit of D/d exists below which the bending 
stress will become excessive and may determine the failure of therope. This 
is shown on the graph arbitrarily as 12.) 


TABLE 1 NUMBER ee DIAMETER OF ge SUITABLE FOR 
0-TON-LOAD PROBLEM 


2 
in. in. 

4 1/3 22 .2¢ 
17.8 
3/4 14.8 
i/s 12.8 

6 19.8 
14.8 
5/s 11.9 
3/4 9.9 


PN aaa a larger standard size would be used, e.g., 24-in. instead of 
.2 in. 


The distribution of tensile stresses in a straight wire rope is 
relatively simple. Within the limits with which we are here 
concerned, a uniform distribution 7'/A, is sufficiently close. 
Rational computation of the bending stress has been on the 
basis of a straight wire bent into an arc of a circle of diameter D 
(stress E5/D), or on the basis of modifications which attempt to 
take into account the strand helix, and sometimes in addition 
the “helix” of the wires in the strand. These modifications 
lead to stresses only slightly smaller than Fi/D and are somewhat 
questionable as they do not explain at all how a wire rope can be 
put in a thimble, or why repeated flexing of a wire rope enables 
one to bend it more and more sharply. Apparently they neglect 
some of the adjustment that can and does take place. An arbi- 
trary means of reducing the calculated bending stress is to sub- 
stitute Ep, the modulus of the rope, for E the modulus of the 
wire. The result is roughly a 60 per cent reduction in bending 
stress. Note that Figs. 4(b, c, and d) show that a fair correla- 


4 
tion is obtained using A + (0.4£) D but a very poor one with 


Es T BB 


The interesting stress that has previously been overlooked, or 
in any case neglected, is the compressive stress between the 
wires produced by the reaction of the sheave. Here also the 
variables are many and only an approximate solution will be 
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offered. Consider a bundle of straight wires (e.g., a suspension- 
bridge cable) bent around a well-fitted, curved groove. It seems 
reasonable to assume that the pressure is uniformly distributed 
over the surface of contact. Calling the bearing pressure, in 
pounds per square inch, p, the force per inch of wire acting on 
each wire is pé where 4 is the diameter of the wire. If, Fig. 6, the 
wire considered is in contact with only one wire in the direction 
of this force pé, then elastic theory gives the contact stress (4) as 


S, = 0.418, _ 
3/2 4580°V/p 


Note that the wire diameter cancels out and that only the 
sheave and rope diameters enter into the term p. This general 
conclusion probably also holds even though most of the as- 
sumptions made in its derivation do not. If the wire under 
consideration is in contact with more than one other wire, the 
diameter of the wire still does not affect the contact stress. If 
the pressure is not uniform on the groove, it will probably be 
similar in distribution for all ordinary lay wire ropes and again 
the diameter of wire will not enter, and the diameters of rope 
and sheave will appear only in the average bearing pressure. 
In an actual wire rope, the uniform line contact between wires 
assumed for the suspension cable does not hold, and therefore 
the actual stresses will be considerably higher and may often 
produce plastic flow. However, because of the similarity of 
construction of all ordinary lay ropes, the general conclusion 
will very likely be valid within experimental and practical limits. 


ELASTIC CONTACT STRESS 
Sc* 4580 Vp 


Fie. 6 Contact Srrsss Is INDEPENDENT OF WIRE DIAMETER 


The magnitude of the result for stress is startling. Even if 
the low average bearing pressure of 300 psi is chosen, and the 
wires are considered parallel, the calculated contact stress is 
80,000 psi. This figure is considerably in excess of the average 
tensile stress which is limited generally to less than */. the ulti- 
mate strength, and the nominal bending stress which for 6 X 37 


and D/d of 24 is E = = (approx.) 30,000,000 x 0.048 x 


6 
1/24 = 60,000 psi 24,000), 


In more usual 6 X 37 designs, the bearing pressure is higher, 
the actual contact stress at full load certainly exceeds 100,000 psi 
(or the yield point if it is lower), the tensile stress is under 40,000 
psi, and the theoretical bending stress is less than 60,000 psi 
(24,000 using 40 per cent of Z). 

Furthermore, the form of result for the contact stress checks 
closely with the experimental work, whereas the usual bending- 
stress hypothesis does not. Fig. 3 shows fairly conclusively that 
the size of the wire in the wire rope is not of great importance in the 
usual hoisting-roperange. In thehigher-stress region, the curves 
indicate that 6 X 19 lasts longer than both 6 X 37 and 6 x 24, 
despite the larger size of wire and the correspondingly larger bend- 
ing stress. In the lower-stress region, 6 X 19 is between 6 X 37 
and 6 X 24. The differences between the three constructions 
are, however, small and may be due entirely to variations in 
manufacture, testing, etc. In any case, the nominal bending 


| 
| 
& | 
4 
/ 
© 
4 
| 
© 30 © 50 
| 
| 
= 
fat 
| 
3 
amg 
est 
4 


DRUCKER, TACHAU—A NEW DESIGN CRITERION FOR WIRE ROPE A-37 


stress which is inversely proportional to the wire size will not 
explain satisfactorily the behavior of these ropes under experi- 
mental test conditions. 

Fatigue failure under combined-stress conditions is not as yet 
a thoroughly understood subject, and therefore there is still 
some doubt as to whether the pinching effect of these compres- 
sive stresses between the wires, aided by the tensile and bending 
stresses, causes the fatigue failure. Possibly these compressive 
stresses cause a group of the wires to act together, thus greatly 
increasing the bending stress which in turn produces the fatigue 
failure. 

It is, however, interesting to note the form of the plot of 
VB versus log N. Contact stress is proportional to VB and 
therefore Fig. 7 is, in a sense, an S-N curve. As this curve has 
the characteristic shape of such a curve for steel, it would seem 
to be additional evidence of the significance of B. 


LanG Lay Ropes 


Although plots against B bring order to the data on ordinary 
lay ropes, they do not seem to help very much for Lang lay 
ropes, Fig. 8. On the average, ropes of Lang lay construction 
last longer in experimental testing than do ordinary lay, but 
apparently identical ropes under identical conditions show mark- 
edly different life. No method of plotting therefore can pos- 
sibly be of help. However, the curve obtained from ordinary 
lay is close to a reasonable design curve for the Lang lay. 
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Field experience seems to indicate that in practical use the life 
of Lang lay ropes is more erratic, but they will give longer life if 
properly used and maintained. Excessive shock loads which 
cause bird-caging must of course be avoided. 


ADDITIONAL Rope-FatTiGue Data 


A great deal of work has been done by various manufacturers 
of wire rope in this country, but practically no detailed reports 
have been issued. De Forest and Hopkins (5) ran a considerable 
number of tests in which they counted the number of wire breaks 
but did not carry through to ultimate failure. Ogawa and Suzuki 
(6) reported on a series of tests in which they determined the 
number of breaks as a function of the number of cycles and did 
carry the ropes to failure. Unfortunately, their data did not 
show a definite correlation and therefore it is not included here. 


CoMPARISON OF AcTUAL SERVICE AND LABORATORY 
ConpDITIONS 


It should be kept in mind that laboratory tests are generally 
more severe than field conditions in so far as stress fatigue is 


concerned. The oscillatory type of tester, for example, causes 
the same part of the rope to be in contact with the sheave and to 
be highly stressed each time. In field service, the rope can 
usually rotate and also the loads imposed are often much below 
the maximum for which the rope is designed. 

However, because of the long time taken for a rope to fail in 
actual service compared with the relatively short time for labora- 
tory fatigue tests, problems of corrosion, abrasion, and misuse 
all have considerable importance and are not covered adequately 
by laboratory data. 

‘Also, sheave condition in the field is variable and frequently 
poor. In the laboratory, great care is usually taken to insure 
as far as possible the obtaining of comparable results. 


Sratic Tests TO FAILURE 


A number of static tests to failure (7, 8, 9) have been performed 
in an effort to determine the stresses in wire rope and so eventually 
to find design criteria or a means of predicting life. 

It is believed that very little information of design impor- 
tance or of value in the interpretation of a laboratory fatigue test 
can actually be found in such a manner, even when stress is the 
only cause of failure. 

A simplification will illustrate the difficulty in carrying results 
over. Consider a single wire of diameter 6 bent over a cylinder of 


diameter D. The tensile stress due tothe force TisS, = 


6 
and, in the elastic range, the bending stress S, is E D’ the contact 


jer 
stress S, = 3240 vy Suppose the applied load T,, = 100 lb; 


6 = 0.05 in.; D = 30in. The stresses are S, = 51,000, S, 
= 50,000, S, = 37,400 psi, and all are significant from the fatigue 
viewpoint. 

If 7 is continuously increased, parts of the wire will become 
plastic, the bending strain will still exist but the bending stress will 
not rise proportionately. The contact stress will go up but will 
not exceed a stress in the neighborhood of the yield point (fur- 
thermore it is local in nature). Therefore, the load T to cause 
failure will probably not differ so greatly from the load required 
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for a straight wire. The magnitudes of S, and S, are lost or 
largely obscured in the final result. Also, the fatigue failure de- 
pends upon the type of stress as well as the magnitude of the 
stresses, and therefore fatigue data are much more significant 
than ultimate strength and will show little correlation with it. 
These same considerations also will explain why it is possible 
to use “equalizer pulleys” in hoists with very small diameters. 
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Since the equalizer pulley serves only to adjust the tension in 
the various ropes, it may be regarded as a standing sheave and, 
to a certain extent, static test data could be used for its design. 


MIscELLANEOUS RESULTS AND COMMENTS 


Several fundamental subjects have been investigated in the 
laboratory. Among them are: 

“Angle of lap,” Fig. 9: Small effect above 15 deg (10). 

“Radius of groove,” Fig. 10: Groove of sheave should fit 
rope with just enough clearance to insure that there will be no 
pinching (11). 

“Rotation of rope:” Herbst (12) reported that causing the 
test length of rope to rotate as the test progressed increased the 
life threefold. 

“Hardness of sheave: Several investigations (13, 14) have 
been made and show that the softer the sheave groove, the longer 
the life of the rope. 

Catalogues of wire-rope manufacturers give a great amount of 
valuable information on maintenance and choice of rope. Their 
knowledge of field conditions, and the experience they have 
accumulated over many years should of course be utilized fully 
by the consumer. Other technical literature, however, contains 
little detailed information and even this is difficult to interpret. 


CONCLUSION 


The paper presents considerable evidence that bearing pressure 
is of far greater significance than nominal bending and direct 
tensile stresses. However, the tests considered were set up with 
the conventional stresses in mind, and therefore they cover only 
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Measurement of Torque Transmitted 
by Rotating Shafts 


By B. F. LANGER,' EAST PITTSBURGH, PA. 


Various torque-measuring devices are described briefly 
and a more detailed description is given of the recently 
developed ‘‘magnetic-coupled’”’ torquemeter. This new 
device operates on a rotating shaft without brushes or slip 
rings and is particularly applicable where high speeds and 
severe operating conditions are encountered. 


WIDE variety of engineering problems calls for the meas- 
A urement of torque in a rotating shaft. These problems 

range all the way from research investigations through 
test-floor work and on to permanent dynamometer installations 
where a continuous check of power output is required. 

Two general methods of measuring torque are available: One 
is to mount the load-absorbing machine in a cradle type of sup- 
port and measure the torque reaction on the stator. This 
method is used extensively in making production tests of engines 
and other rotating machinery but is not suitable for other types 
of work. The other method is to measure the elastic twist in the 
shaft which transmits the torque, and is the method which will 
be discussed in this paper. 


TORQUEMETERS 


Several different types of electric strain gage have been adapted 
for use as torquemeters. One of the best examples is the use of 
the SR-4 bonded wire strain gage.?- This device, shown schemati- 
cally in Fig. 1, uses four resistance strain gages cemented to the 
shaft and energized through slip rings. The four gages are con- 
nected in a bridge circuit and are so oriented on the shaft that 
torsional stress in the shaft throws the bridge out of balance. 

Magnetic strain gages* have been used in many places for 
torque measurements both as research tools* and as permanent 
installations. They can be mounted outside of the shaft in such 
a way as to measure the relative angle of twist of two cross sec- 
tions of the shaft. Another arrangement worthy of note is that 
shown in Fig. 2. This is useful where an overhung shaft end is 
available. The strain gages measure the relative rotation be- 
tween the hollow-bored main shaft and a reference shaft. 

Various other types of strain gage for measuring the twist in 
rotating shafts have been tried with varying degrees of success. 


Engineer, Research Laboratories, Westinghouse Electric «& 
Manufacturing Company. Mem. A.S.M.E. 

2? “The Bonded Wire Gage Torquemeter,”’ by A. C. Ruge, Experi- 
mental Stress Analysis (Proceedings of the Society for Experimental 
Stress Analysis), vol. 1, no. 2, Dec., 1943, p. 68. 

3 “Design and Applications of a Magnetic Strain Gage,” by B. F. 
Langer, Experimental Stress Analysis (Proceedings of the Society for 
Experimental Stress Analysis), vol. 1, no. 2, Dec., 1943, p. 82. 

‘“Test of Transient Conditions in Maneuvering a Coast Guard 
Harbor Cutter,” by H. H. Curry and J. C. Fink, Trans. Society of 
Naval Architects and Marine Engineers, vol. 49, 1941, pp. 300-320. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, New York, N. Y., Nov. 27-Dec. 1, 1944, of 
Tue AMERICAN Society oF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until April 10, 1945, for publication at a later date. Discus- 
sion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those of 
the Society. 
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Condenser-type gages have been used, but tend to be fragile and 
sensitive to extraneous disturbances. The magnetostrictive 
effect of torsional stress has been utilized. The magnitude of the 
effect is small, however, and it is difficult to eliminate temperature 
sensitivity and hysteresis. 

Another interesting method of measuring the twist in a rotating 
shaft is that which uses two alternating-current generators spaced 
at some distance from each other along the shaft. The phase 
difference between the generated voltages is a measure of shaft 
twist. The disadvantage of this method, as compared to those 
just mentioned, is that it requires a comparatively large angle of 
twist. It also has attractive advantages. For one thing it re- 
quires no slip rings or brushes. It is also easily adaptable to the 
direct measurement of either torque or horsepower, since the gen- 
erated voltages can be made either independent of or proportional 
to shaft speed.® 


5U. S. Patent No. 2346976 issued to B. F. Langer and W. O. 
Osbon, ‘“‘Torque Measuring Device,’ April 18, 1944. Also U. 8. 
Patent No. 2349663, issued to B. F. Langer, ‘“‘Torsional Measuring 
Device,’’ May 23, 1944. 
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TORQUEMETER 


The magnetic strain gage is one of the most satisfactory of the 
devices mentioned because it operates on small angles of twist, 


and the energy level of its power output is sufficiently great to 


operate an instrument or an oscillograph without the use of an 
electronic amplifier. Its use is precluded in many cases, however, 
because the gages must be subjected to centrifugal force, and 
they must be energized through slip rings and brushes. In order 
to eliminate these disadvantages, the magnetic-coupled torque- 
meter was devised.* Fig. 3 shows the schematic arrangement of 
this device. The shaft is provided with three flanges on which 
are mounted three toothed rings of magnetic material, but sepa- 
rated from contact with the steel shaft by means of nonmagnetic 
spacers. Overlapping teeth or projections from each of the three 
magnetic rings form two sets of air gaps, one set between outer 
ring 1 and the middle ring A, and one set between outer ring 2 
and-the middle ring A. When the shaft is loaded or twisted in a 
clockwise direction, the air gaps between teeth on rings 1 and A 
are shortened and the air gaps between teeth on rings 2 and A are 
lengthened. Magnetic flux flows across the two sets of air gaps, 
induced by alternating current in the two stationary coils Z; and 
Z:. These coils are connected in an electrical bridge circuit 
which is thrown out of balance by the application of torque, due 
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to the changes in the air gaps between the rotor elements. These 
coils are shown completely encircling the shaft assembly and the 
magnetic return paths are through their encasing shells of mag- 
netic material and across the radial air gaps between the station- 
ary-coil assembly and the rotating-shaft assembly. These radial 
air gaps have relatively large magnetic permeances compared 
with the active air gaps between the toothed rings. Consequently, 
the insertion of the radial air gaps in the magnetic circuit has but 
small effect upon the characteristics of the strain gage. Normal 
eccentric movements of the rotating shaft in its bearings relative 
to the stator cause negligible changes in torquemeter calibration. 
The response is quite independent of bending and thrust loads 
on the shaft. 

Fig. 4 shows a small magnetic-coupled torquemeter designed 
for test floor use. It has been partly disassembled to show the 
rotor construction. Fig. 5 shows a similar unit completely as- 
sembled and ready for installation between a driver and a driven 
machine. Rotation of the stator can be restrained by the use of 
guy wires. 

Fig. 6 shows a magnetic-coupled torquemeter built for use on 
the propeller shaft of an Allison V-1710-E aircraft engine. The 


6 “ Aircraft-Engine Torquemeters,”’ by F. W. Godsey, Jr., and B. F. 
Langer, Electrical Engineering, Sept., 1944, pp. 686-690. 
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shaft element is intended to be mounted between two existing 
flanges on the propeller shaft. In order to divide the shaft de- 
flection equally between the two sets of air gaps, the three rotor 
rings are mounted on a torsionally flexible cage, the ends of which 
are fastened to the two flanges on the shaft. The stator, carrying 
the two coils and their magnetic shells, is bolted to the inner 
thrust-bearing retainer ring inside of the propeller-reduction- 
gear housing. The unit is unaffected by the presence of the oil 
used for lubricating the bearings and gears. 


MAGNETIC-CoUPLED-TORQUEMETER CONTROL CIRCUITS 


A simplified torquemeter control circuit is shown in Fig. 7. 
For test-floor work the power supply is 115 v 60 cycle. The elec- 
trical unbalance current of the bridge circuit is rectified and 
passed through a resistor. A millivoltmeter, preferably of the 
self-balancing potentiometer type, is used to measure the poten- 
tial drop across the resistor. The sensitivity can be varied over 
wide limits by changing the amount of resistance across which 
the drop is measured, 

Several variations of this circuit can be used. Torque readings 
can be taken directly on the microammeter, thus eliminating the 
more accurate but expensive millivoltmeter. In this case, the 
range is changed by shunting the microammeter. Fig. 8 shows a 
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control box for this type of circuit. The zero adjuster can be set 
to allow operation in either direction of rotation. The two sensi- 
tivities provided have a ratio of about 4 to 1. 

For aircraft use, the power supply is regulated 400-cycle cur- 
rent, and readings are taken on an aircraft-type 250-deg-scale 
milliammeter. No provision is made for changing the range. 
For aircraft use, units have also been built in which the need for 
a regulated voltage supply is eliminated by using a self-compen- 
sating ratio-type indicating instrument. Such instruments are 
not now available; however, in a form suitable for flight opera- 
tion. 


CAPACITIES AND LIMITATIONS OF MAGNeEtic-CouPLep ToRQUE- 
METER 


The magnetic-coupled torquemeter finds its most important 
application in the measurement of average torque in permanent 
installations, such as laboratories, test floors, and aircraft and 
marine power plants. It can be used to study torsional vibra- 
tions up to a frequency of about one half that of the supply volt- 
age. This frequency limitation is serious because the supply 
frequency cannot be increased indefinitely because of iron losses 
in the pickup. 

Units already built and tested range in capacity from 200 in- 
lb to 180,000 in-Ib, and it is quite possible to build units outside 
of this range. A single frame size can be used for units of a wide 


Fie. 8 Contrrot Box Usep Test-FLoor TorqueMETER 
(Regulator and indicating instruments not shown.) 


capacity range by changing the diameter of the shaft which con- 
nects the flanges on which the rotor rings are mounted. A small 
change in shaft diameter makes a large change in circumferential 
deflection because the stiffness of a shaft varies as the fourth 
power of the diameter. This fortunate circumstance makes it 
possible to use the one frame size shown in Fig. 5, for units rated 
all the way from 10 to 10,000 in-lb. 
The maximum speed of the unit shown in Fig. 5 is limited by 
the ball bearings. If the bearing problem is eliminated by mount- 
ing the stator independently of the rotor, from the base plate of 
the machine being tested, the speed is limited by the bursting 
strength of the rotor rings. This is a real limitation because the 
rotor rings must be magnetically soft and therefore cannot be 
made of a very strong material. The most suitable material found 
to date has an ultimate strength of about 90,000 psi. One unit 
now in operation runs at 20,000 rpm, and another unit has been 
designed for a maximum speed of 40,000 rpm. No error chargea- 
ble to speed has been detected, making it possible to calibrate 
the torquemeters statically. , 
The effect of ambient-temperature change on the instrument 
and control circuit can be readily avoided by conventional means 
and attention to good design practice, as developed by the 
electrical-instrument industry. Temperature effects in the shaft 
element are more difficult to handle, particularly in aircrafv 
applications where the temperature range may be —60 F to 
+200 F. The change in modulus of the shaft material over this 
range is of the order of 2 per cent. In addition to this, tempera- 
ture change affects the eddy-current losses in the magnetic 
circuit, particularly when 400 cycle current is used. In any case, 
temperature sensitivity can be compensated to any desired degree 


A-41 
ia 
= 
‘ 
q 
| 
a 
7 


of accuracy by the use of temperature-sensitive resistors. Such 
compensators have not been found necessary in test-floor installa- 
tions where the temperature range is small and the excitation 
current has a frequency of 60 cycles. 

In the circuit shown in Fig. 7, the sensitivity can be made ex- 
tremely high by using a sensitive millivoltmeter and measuring 
the drop across a large value of resistance. It is not advisable to 
increase the sensitivity too much by these electrical means, how- 
ever, because this multiplies the errors along with the response. 
Errors due to temperature, bending, and eccentricity can be 
made a negligible percentage of the full-load rating of the unit, 
but become important if the instrument sensitivity is increased to 
give full scale reading for torques which are only, say, 5 or 10 
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per cent of the rating. For varying the sensitivity by a factor of 
more than about 4, it is advisable to use more than one rotor. 

In some applications it has been found desirable to split the 
stator axially so that it can be removed from the rotor without 
slipping it over an open shaft end. Tests on an experimental unit 
have shown that this can be done. In this case the coils do not 
surround the shaft but are wound on E-shaped iron cores which 
feed the flux into the split stator rings. 

Due to its rugged construction and its freedom from slip rings, 
the magnetic-coupled torquemeter fills an important gap in the 
field of torque-measuring devices. It can do some things of 
which no other device is capable and can often replace much 
more expensive apparatus. 
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Network- and Differential-Analyzer Solution 


of Torsional Oscillation Problems 


Involving Nonlinear Springs 


By C. CONCORDIA,! SCHENECTADY, N. Y. 


This paper (a) points out that, just as in the case of 
linear systems, the ‘‘alternating-current network analy- 
zer’’ may be used to extend the graphical method to the 
direct solution of torsional-oscillation problems involving 
many masses and springs, more than one of which may be 
nonlinear, and (6) illustrates the use of the ‘‘differential 
analyzer” in solving steady-state vibration problems in 
which the approximate graphical method cannot be ap- 
plied or does not give satisfactory solutions. In both of 
these methods the torque-amplification curves are deter- 
mined simply and directly. It is indicated that the same 
methods apply to linearly vibrating systems with non- 
linear springs as well as to systems having, for example, 
nonlinear damping or inertia coefficients. 


ORSIONAL oscillation problems are of considerable im- 

portance in mechanical engineering. Nearly all power 

plants involve in some degree the transmission of torque 
through rotating shafts and couplings and, in a great many cases, 
the presence of oscillatory components of prime-mover or load 
torque makes it imperative to predetermine and guard against 
the possibility of undue torque amplification arising through some 
resonance in the systems. Examples are airplane engines, ship- 
propulsion equipment, Diesel power plants, pump drives, and 
others. The approximate analysis of such systems as linear 
systems is simple and straightforward in principle but rapidly 
becomes unwieldy and impractical for complex systems. For 
this reason, the use of the “alternating-current network 
analyzer’”’ has been suggested (1)? for the solution of such prob- 
lems. 

This method has been used for several years with considerable 
success on a number of oscillation problems. Systems involving 
more than twenty equivalent masses have been handled with 
relative ease. The method as described (1) consists merely in 
following to its logical conclusion the well-known analogy be- 
tween electrical and mechanical oscillating systems, and setting 
up on the network analyzer the equivalent electrical circuit for 
the mechanical system in question. The torque-amplification 
versus frequency curve is found simply and directly by measure- 
ments on this equivalent electrical circuit. 

It is not always sufficient, however, to treat the actual system 
as an equivalent linear system. Spring torques, as in flexible 


1 Analytical Division, Central Station Engineering Division, Gen- 
eral Electric Company. Mem. A.S.M.E. 

? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944, of 
THe AMERICAN SocreTy OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until April 10, 1945, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Norte: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


A-43 


couplings or due to backlash, are very often nonlinear functions 
of amplitude, and damping coefficients may be functions of both 
amplitude and frequency. The exact solution of such nonlinear 
problems is very difficult by usual mathematical methods even 
for the simplest cases. Use of the differential analyzer (2) 
provides a ready means for attacking these problems in many 
cases otherwise intractable. However, it is fortunately not 
always necessary to find exact solutions. A relatively simple 
approximate graphical method (3) has been applied to the case 
of an undamped single-mass and nonlinear-spring system sub- 
jected to a sinusoidal applied force. Application of similar graphi- 
cal methods is exceedingly laborious but theoretically possible 
for complex systems as long as there is only one nonlinear spring, 
but is not feasible for systems containing more than one non- 
linear element. 

The purposes of this paper are (a) to point out that, just as in 
the case of linear systems, the alternating-current network analy- 
zer may be used to extend the graphical method to the direct 
solution of torsional-oscillation problems involving many masses 
and springs, more than one of which may be nonlinear, and (b) to 
illustrate the use of the differential analyzer in solving steady- 
state vibration problems in which the approximate graphical 
method cannot be applied or does not give satisfactory solutions. 
In practical cases, vibrating systems are usually subjected not 
only to a sinusoidal exciting force but also to a steady load. For 
nonlinear systems, this makes the resulting vibration amplitude 
unsymmetrical, so that the graphical or network-analyzer method, 
in which symmetry is assumed, cannot be used. If one 
has available, e.g., the shaft vibration torque for the case of a 
purely alternating applied torque, one may be tempted to add to 
it the steady-load torque to obtain the maximum shaft torque; 
the results shown in this paper give some notion of the degree of 
approximation involved in this procedure, in addition of course 
to showing the degree of approximation inherent in the graphical 
method itself. 


NETWORK-ANALYZER SOLUTION 


To illustrate the application of the network analyzer to the 
solution of nonlinear vibration problems, an example is pre- 
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sented involving seven equivalent masses and six springs, two 
of which have nonlinear characteristics. Fig. 1 shows the 
mechanical system and Fig. 2 the corresponding electrical- 
equivalent circuit. The springs (or shafts) Ky and Ky, are iden- 
tical and have the torque-angle relations shown in Fig. 3. Two 
types of nonlinear spring gradient were considered, curve b 
(or d) in which the gradient increases by a factor of 4 at unit 
torque, and curve ¢ (or e) in which it decreases by a factor of 4 
at unit torque. The unit of torque is more or less arbitrarily 
set so as to form a base to which the magnitude of the applied 
torque may be referred. Torsional-vibration data were taken 
with applied torques equal to 10 and 20 per cent of this unit 
torque. 

As in the case of the graphical method, the network-analyzer 
representation is not entirely self-consistent, in that both angular 
oscillation and torque oscillation are assumed sinusoidal and of 
the fundamental vibration frequency. Therefore, it is neces- 
sary to approximate the actual nonlinear relation between torque 
and angle with a relation between, e.g., the rms torque and rms 
angle. This is not of course a unique relationship but depends 
upon the wave shape of the oscillation. In this study the rms 
torque corresponding to a sinusoidal angular oscillation has been 
used. The dashed curves of Fig. 3 show the instantaneous rela- 
tion between torque and angle; the solid curves show the rela- 
tions between rms torque and angle, actually used. Other 
representations are of course possible; for example, the aver- 
age torque corresponding to a sinusoidal angular oscillation, the 
rms angular oscillation corresponding to a sinusoidal torque 
variation, or the instantaneous torque-angle relation itself could 
be used. These possibilities have been compared in a tew cases, 
and there seems to be no very definite superiority of any one rep- 
resentation.* It is suggested that either the instantaneous 
or rms torque-angle relation, whichever happens to be most 
easily obtained, be used. 

In determining the torque amplification versus frequency 
curves, the torque-angle curve was matched by trial at each 
frequency. The impedance units were first set either at the 
initial (linear) value or at an estimated value. Then voltage 
(torque) was read at Ky and Ky, (the nonlinear springs) with the 
proper exciting torque applied. Then from Fig. 3, the ratios of 
torque to angle were determined for both springs. These ratios 
times the impedance corresponding to the linear value for the 
frequency in question should be equal to the impedance setting 
actually used. If they were not equal to these impedance set- 


3 Similar studies (4) of electrical circuits involving nonlinear induc- 
ances have been made using rms relations. 
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tings for both Ky and Ky, the settings were changed and the pro- 
cedure repeated until satisfactory agreement was obtained. 
This trial method was found to involve some judgment but was 
entirely practicable. 

Figs. 4 and 5 show some of the results obtained. Fig. 4 shows 
the torque-amplification factor for shaft Ky, as a function of fre- 
quency for both spring characteristics b and c in Fig. 3, for 10 
and 20 per cent applied torque, as well as for the linear case 
(curve a in Fig. 3). Fig. 5 shows similar torque-amplification 
curves for shaft K,’. The torque-amplification curves are seen 
to be triple-valued over part of the frequency range. One of 
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these values (shown as a dashed line in the figures) is however 
unstable, just as for the simplest case (3). In the network- 
analyzer method, instability is manifested by a lack of conver- 
gence; that is, as the proper equilibrium point is approached, 
the indicated correction to the nonlinear impedance element is 
opposite in sign to that which should actually be made. 

From these results it may be concluded that a nonlinear spring 
of either type studied is very likely to increase the maximum 
torque amplification at one or the other of the two resonant 
points. The low-frequency peak may be increased by the spring 
torque gradient that decreases with vibration amplitude, and the 
high-frequency peak may be increased by the spring torque 
gradient that increases with amplitude. The region (frequency 
range) of high torque is also likely to be considerably broadened. 
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Thus nonlinear springs should not be used without a careful 
study of the effects on the system. In some cases it may be de- 
sirable to use such springs; for example, if the torque in shaft 
K,’ is the limiting factor, curve B in Fig. 5 shows that this torque 
may be reduced by the use of the torque-angle characteristic of 
curve b, Fig. 3,in Kgand Ky. Evenin this case, however, having 
a different linear spring constant might be better yet. 


DIFFERENTIAL-ANALYZER SOLUTION 


To illustrate the application of the differential analyzer to the 
solution of nonlinear vibration problems, a simple system as 
shown in Fig. 6, consisting of a single mass and nonlinear spring 
with viscous damping, has been considered. Such a system 
may represent either linear or angular motion; in the present 
case the angular-oscillation nomenclature will be used. The pro- 
cedure in using the differential analyzer is simply to connect the 
analyzer shafts mechanically as dictated by the equation and to 
allow the machine to carry out a solution, starting from any 
prescribed boundary conditions and plotting the instantaneous 
motion and torque against time until a steady state is reached. 
Figs. 7, 8, and 9 show examples of the curves obtained. 

The results are summarized in Figs. 10 to 13 inclusive. Fig. 
10 is for the instantaneous spring characteristic of curve d, 
Fig. 3, and shows the shaft torque 7’, as a function of the fre- : 
quency w of the applied torque A, with a purely sinusoidal torque ag 
of magnitude A = 0.5 applied. As in the previous cases, two oe 
stable steady-state conditions are found, in the frequency range 
1.19 < w < 1.33. In order to obtain these two stable values 
in the double-valued region, it is only necessary to apply either a 
small or a large initial disturbance; as w approaches 1.19 from 
above, the small value becomes increasingly difficult to obtain, 
while as w approaches 1.33 from below, the large value becomes 
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increasingly difficult to obtain. Fig. 14 shows that at w = 1.34, 
which is barely outside the region of large torque, with a large, 
initial disturbance, the oscillation stays large for a rather long 
time before finally settling down to its final small value. On the 
other hand, at other less critical frequencies, as shown by Figs. 
7 and 8 for the same system, the oscillations assume their 
steady-state values very quickly. 

The vibration torques found by the graphical method, modified 
to take account of damping, are somewhat too small. For this 
case the instantaneous torque-angle relation (curve d) in Fig. 3, 
was used in the graphical solution. 

Fig. 11 shows the effect of an average load torque JT, = 1.0 
superposed on the sinusoidal torque A = 0.5. (The maximum 
and minimum shaft torques are plotted.) This value of average 
load torque brings the steady-state deflection with no oscillation 
just up to the point of discontinuity in the spring gradient, so 
that the system is effectively nonlinear for all frequencies and 
amplitudes of vibration. In the presence of an oscillating torque, 
the average torque is of course still unity, but the average angle 
is always less than unity, being only about 0.5 at the frequency 
of maximum oscillation (w & 1.3). 
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The waves in the curves in the frequency range 0.4 < w < 0.8 
may be explained by observing the change in the wave shape of 
the steady oscillation. For example, Figs. 7 and 8 for excita- 
tion frequencies of 0.6 and 0.8, respectively, show that at w = 0.6, 
there is a single relatively large negative swing and a double- 
peaked relatively smaller positive swing. On the other hand, at 
w = 0.8, the single large swing is in the positive direction, while 
the negative swing is much smaller and tends to have a double 
peak. 

The maximum shaft torque with T, = 0 is, from Fig. 10, 
Tmax = 3.34, and occurs at w = 1.3. It is of interest to note that 
if the average torque 7, = 1.0 is merely added to this, Tmax = 
4.34 is obtained, while the actual maximum value of the torque is, 
from Fig. 11, Tmax = 4.91 and occurs at a frequency of w = 1.32. 
The approximate torque is thus 11.6 per cent low, while the 
approximate frequency is only about 1.5 per cent low. 

Figs. 12 and 13 are similar to Figs. 10 and 11, respectively, for 
the spring characteristic of curve e, Fig. 3, that is, the spring 
gradient now decreases with increasing angle. The maximum 
torque with a load torque of T, = 1.0 is, from Fig. 13, Tmax = 
2.27. This may be compared to the value found by adding 1.0 
to the maximum of Fig. 12, Tmax = 1.62, from which 7 max = 2.62. 
Now the approximate maximum torque is 15 per cent high, while 
the approximate frequency is about 5 per cent low. The results 
of the graphical method, using as before the instantaneous 
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torque-angle relation, are indistinguishable from the differential- 
analyzer results. 

Fig. 13 shows the same peculiarities of shape noted in Fig. 11. 
As before, these are explainable in terms of the wave shape of the 
oscillation. In addition, a steady-state subharmonic vibration 
occurs in the frequency range from w © 1.1 tow 21.7. An ex- 
ample of this subharmonic vibration, of one half the excitation 
frequency, is shown in Fig. 9. 

From these results, it may be concluded that in a nonlinear 
vibrating system of the type studied here, attempting to take 
account of the presence of an average load torque in addition to 
the oscillating excitation torque merely by adding the load 
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torque to the maximum shaft torque found with zero load torque, 
leads to qualitatively correct results. The resonant frequency 
is predicted reasonably well, while the torque is either low or high 
depending upon whether the spring gradient increases or de- 
creases with increasing deflection. 


ConcLupiIna REMARKS 

Two useful methods of studying the steady-state vibration 
characteristics of nonlinear systems have been discussed. In 
both of these methods the torque-amplification curves are deter- 
mined simply and directly. The use of the differential analyzer 
has the advantage that practically no approximations other than 
those inherent in the available knowledge of the magnitudes of 
the system parameters need be made. On the other hand, the 
number of degrees of freedom which may be considered is limited 
(e.g., in case of a fourteen integrator analyzer, to seven), and an 
appreciable amount of damping (but probably no more than 
would actually be present) must be assumed in order to arrive 
at a steady state in a reasonable time. On the network analyzer, 
many more degrees of freedom may be considered and the in- 
herent damping may be made smaller, but the representation 
is only approximate. As is the case with the graphical method, 
the network-analyzer method cannot be applied blindly. A basic 
understanding of the problem is necessary. Since unexpected 
results are the rule in nonlinear problems, the best procedure in 
studying a complex system (i.e., a system of higher order than 


can be set up directly on the differential analyzer) of a new 
type is probably to set up first a simplified case which is expected 
to have all of the essential characteristics of the complete case 
on the differential analyzer. In this way any new phenomena 
will be exhibited and can be looked for in the network-analyzer 
study. 

Although the discussion has been limited to torsional-vibration 
problems involving nonlinear springs, it should be evident that 
the same methods apply to linearly vibrating systems with non- 
linear springs as well as to systems having, e.g., nonlinear damp- 
ing or inertia coefficients. 
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The Axial Vibration of Turbine Disks 


By A. M. G. MOODY,! TRENTON, N. J. 


The theoretical basis for calculation of disk vibrations 
developed by Stodola leaves a wide gap to be supplied be- 
tween theory and useful procedure. This paper outlines a 
method by which the designer may obtain useful results 
without resorting to complicated procedures and with a 
minimum of empirical modifications. Taking Stodola’s 
differential equations for the energy of an element of a 
disk, including bending energy when disk is in its position 
of extreme deflection, kinetic energy as disk passes through 
its undeflected position, and work done against centrifugal 
force, the author presents a simplified method of applying 
them which results in a satisfactory degree of accuracy 
with but slight expenditure of time in calculations. He 
points out that static-frequency calculations make a con- 
venient basis for comparing disks and may be checked 
much more readily experimentally than running fre- 
quencies, although the latter may at times be necessary 
if static-frequency results are too low. In a typical cal- 
culation for static frequency for a 3-nodal-diameter vibra- 
tion of a steel disk, the procedure is demonstrated, and 
the use of tables of function for simplifying the work is 
indicated. 


NOMENCLATURE 
The following nomenclature (see Fig. 1) is used in the paper: 
A, 
B, { = functions of deflection curve 
C, 


a = constant 


E 
E = modulus of elasticity, Z’ = i 


y? 
p = vibration frequency, radians per sec 
h = thickness of disk in axial direction 
hy = thickness of disk at outside of rim 


K = number of nodal diameters 
N = speed of rotation, rpm 
r = distance of point on disk from axis 
R = outer radius of rim 
z=r/R 
y = y(x) = axial deflection of point on disk; y’ = *. y" = dy 
dz dx? 
Yo = maximum deflection of a point on the rim 
z = h/h 


y = density of material of disk 
Poisson’s ratio 
o = stress 
¢, ¥ = energy functions 
w = angular velocity, radians per sec 


1 Chief Research Engineer, De Laval Steam Turbine Company. 
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Subscripts: 

p = pertaining to potential energy 
k = pertaining to kinetic energy 

c = pertaining to centrifugal work 
r = radial 

t = tangential 

f = free ring 


PROBLEM OF Disk VIBRATION 


The subject of axial vibration of turbine disks has been rather 
thoroughly treated in the literature, particularly by Stodola (1) ,? 
and by the late Wilfred Campbell and his associates, E. L. Robin- 
son and the late A. L. Kimball (2). 

To review briefly what disk vibration is, we are concerned here 
with an axial, or as Stodola calls it, a deflection vibration, in which 
a point on the disk has a motion parallel to the axis. We can 
perhaps best visualize this type of vibration by thinking of waves 
traveling around the rim. If the wave length is such that the 
circumference equals an integral number of complete waves, then 
we have standing waves. If we cover a disk with sand, we can 
see the pattern of vibration. We find that we can draw a set of 
so-called nodal diameters dividing the disk into segments. The 
number of complete wave lengths around the circumference is the 
same as the number of nodal diameters. 

In service it has been found that the dangerous operating condi- 
tion occurs when the velocity of a backward traveling wave 
around the rim equals the peripheral speed of the rim in the for- 
ward direction because this situation produces a wave standing 
still in space. The conditions of energy input to the disk have 
been ably treated in the Campbell paper (2), where it was made 
clear that this standing wave permits energy to be put into a disk 
by a fixed lateral force so that a vibration can be maintained. 

Thus the critical speed is the speed at which the traveling 
wave goes through one cycle during the time it takes a point on 
the periphery of the disk to travel 1/K times the circumference, 
where K is the number of nodal diameters. Then if we find the 
natural frequency of a disk for a given type of vibration and divide 
by K we have the critical speed. 

When a disk is operated at the critical speed, a vibration of 
considerable amplitude may occur. At the frequencies in ques- 
tion, it does not take long to build up a large total of reversed- 
stress cycles leading to fatigue failure. 

It is, then, most important for the designer to be able to predict 
the vibration characteristics of a turbine disk. 

The theoretical basis for calculation of disk vibrations was 
worked out by Stodola who wrote the differential equations for 
the energy of an element of a disk and indicated the method of 
solution. The energy is of three kinds: (a) Bending energy 
when the disk is in its position of extreme deflection (this will be 
referred to as potential energy); (b) kinetic energy as the disk 
passes through its undeflected position; (c) the work done against 
centrifugal force as the disk is deflected to its extreme position. 
By integrating and equating the kinetic energy to the sum of the 
other two, we can solve for the natural frequency. 

Thus, the general method has been well described. There is, 
however, a wide gulf to be bridged between the statement of the 
theory and the procedure by which useful results can be obtained. 

In the Campbell paper (2), a good deal of weight is given to the 


2 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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many conditions of design, manufacture, and operation of turbine 
disks which cause serious deviation from behavior predicted on 
the basis of pure elastic theory. It is made clear that elaborate 
modifications are necessary in many cases, and also that extensive 
tests are extremely important. It is probably for these reasons 
that no procedure is given in the paper. 

Without attempting to minimize these serious considerations, 
it may be stated that useful results can be obtained without re- 
sorting to extremely complicated procedures and with a minimum 
of empirical modifications. 

This perhaps calls for some explanation of what is meant by 
the term “useful results.” Results are first of all not useful if 
they take so long to obtain that they cannot guide the designer. 
In other words, a method should be short. Then they must be 
sufficiently accurate to give the designer confidence that he will 
not have to modify his design after it is built and tested. 

Now, for the large majority of turbine disks, the natural fre- 
quency even of the stationary disk, without the stiffening effect 
of centrifugal force, is well above the frequency corresponding to 
maximum operating speed. For many more, the frequency under 
the influence of centrifugal force is well above the same point. 
There are relatively few disks where the frequency is not ade- 
quately high. Some of these could be easily stiffened so that 
they would be safe. In all of these cases, the degree of accuracy 
required in the calculation of frequency is not high, since the mar- 
gin between the critical speed of the disk and the maximum cper- 
ating speed can be made fairly large. Thus an accuracy of plus 
or minus 5 per cent is ample, and this accuracy is not difficult to 
achieve. 

The problem of great accuracy enters only in the case of 
large constant-speed machines where the last stages have such 
low frequencies that it may be easier to bring the critical speed 
well below the operating speed than to raise it sufficiently. This 
problem is much more involved than that just discussed. It is a 
simple matter to determine which mode of vibration gives the 
lowest critical speed. For higher critical speeds, there is no defi- 
nite limit. Questions of excitation and damping are involved 
and great precision is necessary. This type of problem is not 
considered here. 

For the great majority of disks, then, the procedure which is 
presented here should be found satisfactory on the score both of 
the effort involved and of the accuracy obtained. It has been in 
use for several years and has proved most satisfactory. 

It might be pointed out further that statie-frequency calcula- 
tions make a convenient basis for comparing disks. When static 
frequencies appear uncomfortably low, running-frequency calcu- 
lations give a more definite answer. Static frequencies are 
much simpler to check experimentally than running frequencies; 
indeed, the actual critical speed is usually above the safe running 
speed of the disk. For much routine work, it is entirely satisfac- 
tory to deal exclusively with static frequencies. 

Although the derivation of the equations for natural frequency 
of disks will not be repeated here, the results will be stated. 
Stodola (1) uses dimensionless forms for both the radius r, which 
is replaced by the ratio x = r/R, and the thickness, which is 
written as h/ho. In this account, h/ho will be replaced by z. 


EQUATIONS FOR NATURAL FREQUENCY OF Disks 
The equation for the potential energy is 


where y,(z) is defined by the following equation 
us 


= OK 


[A,* — 2(1 — »)(B, — C,)]e*z ..... [2] 


And A,, B;, and C, are as follows 


The kinetic energy is 


h 
oe = yo?R? (6} 
2 0 
where 
= aK [7] 


For calculating the work of centrifugal foree, we must know 
the tangential and radial stresses in the disk at some arbitrary 
speed w. We express these as dimensionless stress ratios by 
dividing them by the tangential stress oy in a free ring of radius R 
rotating with angular velocity w, that is 


of = yw" R? 


Then our centrifugal work is 


he 1 
0 
where 
- \2 
‘a Ky 
iK E (xz) + ) [9] 


The limits shown for the integrals are those given by Stodola. 
They must at once be modified. The lower limit is not 0, but 2, 
where 2 is the value of z at the inner boundary of the disk which 
may be either the bore or the diameter of the shaft of a solid rotor. 
The upper limit is 1 for the potential energy, provided we take R 
as equal to the outermost radius of the disk proper, beyond which 
there is no tangential stress. We neglect bending in the blades 
and shroud. The kinetic energy and also the centrifugal work 
should be computed out to the tips of the blades, where z is 
something greater than 1. 

It is clear that in most cases it will be impossible to write a 
usable equation for the disk profile z = f(z). Hence we shall 
have to follow a step-by-step method. 

Furthermore, we cannot integrate without knowing the shape 
of the deflection curve y = y(z). Consequently, we resort to 
the Rayleigh method and, assume a definite form of curve with 
systematic variation of its proportions. 

A parabolic form is suggested by Stodola. This was found to 
be unduly cumbersome and a form of curve suggested by Oehler 
(3) was tried, namely, y’ = az", where ais a constant. This was 
most satisfactory in so far as procedure was concerned, the yalue of 
n being the only factor that had to be varied for different trials. 
It gave rather poor results, however, the frequencies being con- 
sistently high. 

The reason for the poor results appeared to lie in the nature of 
the inner-boundary condition. We should have y = 0 at x = 
2 and also, in general, y’ = Oat z = 2%. Stodola states that the 
chief advantage of Rayleigh’s method is that the boundary condi- 
tions do not have to be fulfilled in a strict mathematical sense, 
since the minimum value is obtained automatically by graphical 
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interpolation. This is true, provided a sufficiently wide variety 
of deflection curves is tried. But if, in order to keep the method 
practical, we confine ourselves to one type of curve, it had better 
be one which approximates the true curve reasonably well. 
Neither of the types mentioned can do this. 

Oehler also recognized this and suggested using the form y = 
a(x" —- 2"). This meets the boundary condition in so far as de- 
flection is concerned but not for slope. This, in itself, would not 
be serious, since in the neighborhood of the inner boundary all 
quantities are small. It does, however, have the objection that 
the curve increases too rapidly near the hub. Consequently, 
while it gave better results than the others mentioned, it left 
something to be desired, as well as leading to some minor com- 
plications in the calculation. 

What appeared most promising was a curve of the form y = 
a(x — 2)", but this is clumsy from the point of view of the 
calculator. It will be seen that Equations [3], [4], and [5] contain 
terms in which z or z? appears in the denominator. As soon as 
we give up the form y = az", rather awkward expressions result. 

We can, however, effect a compromise by creating a special 
form and introducing an approximation. What we shall do is to 
adopt the form 


This form meets the boundary condition for deflection and is not 
far out where slope is concerned. It is still not convenient to 
calculate, as it stands. If we remember, however, that our 
calculation is to be carried out on a step-by-step basis and assume 


— 


x 
that for any one step the term is constant, we regain the 


simplicity of the form y = az", while bringing our curve much 

closer to what it should be. At each step, therefore, we compute 

the energy terms as if the curve were a = az” and then multiply 
— XH 

each by ( 7 ) 
because all constant terms are squared.) 

The assumption is not too unreasonable. 

— 


for the value of z at that step. (Not m oat 


We are not assuming 


to be constant throughout but only locally. If it were 


necessary, we could take many points in the region near the inner 
boundary, but it is not necessary, as the values are small there, 
and we can easily plot a smooth curve. As compared with the z” 


z— 
term, —— does not vary rapidly anywhere but near the inner 


boundary. 

This procedure has given excellent results, both as to accuracy 
and as to the time required for a calculation. 

A few additional points remain to be covered. Having evalu- 
ated the three energy terms for the disk, we equate kinetic energy 
to the sum of the potential energy and centrifugal work. This 
gives us the following expression 


2 


BAP C, ,Ce 
Cy (10) 


where 
Cp = 
C, = 
and 
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The calculation is made simpler by the use of the tables which 
are presented herewith, for several of the functions used in the 
calculation. One of these is 


V p(x) 
(x /12K)z3 — 


Lo 


The value taken from the table is multiplied by z* and by ons 


Vp(x) 


giving 
Then 


In the same way, the table for (x/4K)z 


is used in finding C,. 


It may be mentioned that the constant a in the deflection 
cancels out in the final frequency equation so that it was unneces- 
sary to specify a value. 

To simplify the numerical work, we can even omit the #/12K 
and 2/4K terms, making use of the integrals 


and 


From these we get the expression 


p? = C,’ ot ; 
12yR* Cy! 


For statie frequencies we have simply 


C,! 


By trying several values of n, and calculating C,’/C,' for each, 4 
we can plot a curve of u against this ratio and find the minimum. 
From this we find p, and from p the critical speed, using the rela- 4 
tion 


For running frequencies, we must assume a value for w, carry 
out the process just described, and see if the calculated w agrees 
with it. If not, we try another value. Three trials will give 
quite a close check. The stresses do not cause any trouble, even 
though they change with w, because the stress ratio does not 
change. 


Ky\* 
Tables are given for (2) and y’*(z), which are used in the 
z 
calculation. 
One point remains to be discussed, the one point in which some 
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CALCULATION OF STATIC FREQUENCY FOR 3-NODAL-DIAMETER VIBRATION FOR STEEL DISK 


3 NODAL 
K=3 TEST FREQUENCY 
RUNNING SPEED SOSOR.P.M. 
n=2 n=3 n=4 
| | 3 devs | Bx7 
x |x: 3} Ti | YK i | K “ 
x 
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empirical modification is desirable. In the foregoing, it was taken 
for granted that the deflection curve 


extends from the inner boundary of the disk to the tips of the 


blades or the outside of the shroud ring. Actually, the blades do. 


not follow the same curve as the disk, which seems natural, since 
they have no tangential stress. However, for short blades this 
makes very little difference. As the blades become longer, some 
modification must be introduced. Rather than modify the as- 
sumed curve, it has been found simpler and equally satisfactory 
to reduce the value of z for the blades by an empirical factor. 
This factor, incidentally, must also take care of possible irregular 
behavior in the fastening. 

Ideally speaking, z for the blades would be the ratio of the vol- 
ume of the blades to the volume swept out by one blade in one 
revolution. This value should be reduced by multiplying by an 
empirical factor. In the absence of tests on a particular type of 
disk, blade, and blade fastening, it is suggested that for blades 
whose length is less than 20 per cent of the radius of the disk, a 
factor of 0.95 be used; up to 30 per cent, 0.9; up to 40 per cent, 
0.85. Beyond 40 per cent, it is doubtful if useful results can be 
obtained without reference to tests and to more elaborate methods 
of calculation. 

As blades become extremely long, disk-vibration frequencies 
depend more and more upon the characteristics of the blades and 
blade fastenings, just as blade-vibration frequencies do. In fact, 
the disk-vibration problem then begins to be less important than 
blade vibration. After all, in the limit, with all blades and no 
disk, there could be no disk vibration. 


TypicaL CALCULATION FOR STATIC FREQUENCY 


In order to illustrate the method described here, an example is 
given which shows the calculation for static frequency for a 3- 
nodal-diameter vibration for the steel disk whose dimensions are 
given in Fig. 1. Above the disk are given the curves which are 
plotted for graphical integration. Table 1 gives the actual calcu- 
lation and the result, together with the frequency determined 
from a test of this disk. : 


TABLE 2 
Ye 
2 K-72 
ax 
1 90.0 2.32 -0558 1.944 -0503 1.080 -0205 356 
“6 
2 45.0 2.24 +446 -0622 6.43 553 +0420 2.92 
-3 -3 
3 30.0 3.36 1.507 -472 1101 0213 3.63 567 
4 22.5 4-48 3.57 1.991 +823 
5 18.0 5.60 6.975 6.075 3.93 2.109 1.000 435 
6 15.0 6.72 12.05 15.12 14.07 10.89 Tbh 4.65 
of 12.86 7.84 19.14 32.7 41.4 43.6 40.5 34-5 
8 11.25 8.96 28.6 63.8 105.5 145.2 176.5 196.2 
7 10.0 10.08 40.7 114.5 240 419 644 904 
1.0 9.0 11.20 55.8 194-4 502.6° 1080 2050 3560 


Nore: Thesuperscripts —3, —6, —9, etc., indicate powers of 10 by which 
the given number is to be multiplied. 
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The following tables of functions are required in the calculation: 


Tables 2 to 5: —  —_— for K = 2 to 5, respectively 


2 
12K ( x ) 


for any value of K 


Table 6: ve 
—z 


4K 


K 
Tables 7 to 10: - for K = 2 to 5, respectively 
Table 11: (y’)? for any value of K. 
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TABLE 3 
Ye_ 
r 3 
in 
-3 -3 -6 -9 
1 640 5.72 +1008 46 +0570 1.170 +0217 +372 
ab 
320 11.44 .806 -0788 7.29 +0445 3.0 
-3 -3 
3 213 17.16 2.72 599 -1247 .0230 3.85 +593 
ob 160 22.9 6.45 2.52 +933 -0910 .0250 
o§ 128.0 28.6 12.60 7.70 4-45 285 1.060 454 
-6 106.7 34.3 21.8 19.17 15.95 11.79 7.88 4-86 
91.4 40.0 34-6 41-4 46.9 47.3 42.9 36.1 
8 8.90 45.8 51.6 80.8 119.6 157.2 186.9 205.0 
4 71.1 51.5 73.5 145-4 272 454 682 945 
1.0 64.0 57.2 100.8 246.4 569.6 11700 2171.2 3720.8 


q 
a 
af 
y=a 
z 
joe 
ate 2 
4 


1 2250 20.6 
2 1125. 
3 750 61.7 
“a 562.5 82.2 
5 450 102.8 
-6 375 123.4 
143.9 
8 281 164.5 
9 250 185.0 
1.0 225 205.6 
an 
. -3 
001 
=3 
.008 32 
-3 
3 
064 -01024 
-03125 
216 .0778 
7 1681 
& .328 
9 729 -590 
> 1.0 1.0 1.0 
1.2 1.392) 
1.2 1.728 2.49 
8820 3:73 
1.5 3.38 7.59 


173.4 


237.8 


1.949 
3.58 
6.27 
10.54 
17.09 


MOODY—THE AXIAL VIBRATION OF TURBINE DISKS 
TABLE 4 TABLE 5 
4! 
2K 3 n 
3 3 6 
3 3 3 6 = 
-1290 9.57 .707 3.30 2 2855 106.2 4-53 C1402 .903 
“x? 1903 159.1 15.28 1.771 .240 .0347 
12.60 5.64 2.70 1.183.492 265 70.7 6.55 3-445 
31.6 20:99 13.91 6:80 5.2 6 952 318 122.2 56.7 30.7 17.78 
67.8 61.6 55.8 47.9 39.0 7 816 371 194.1 122.5 90.2 71.3 
132.2 157.0 185.5 208.8 222.0 714 424 2390 239 2300-237 
403.2 742.4 1360.0 2424.6 4028.8 1.0 571.0 530-4 565.8 728.8 1095.0 1764.0 
TABLE 6 
TABLE 7 
“9 -9 -12 -15 
-6 -9 -9 -12 -3 -6 -9 
-512 .0205 -0328 1.311 4 4 4-0 +04 “4 
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-01968 1.771 1594 -01435 1.292 4 16 6.4 -256 -01024 .410 
-3 -3 - -6 - 
.262 .0419  .0007L 1.074 .0324 2.92 0236 
3 -3 -3 -3 
1.953.488 1221 -1024 .01638 2.62 +4192 
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2859.4 
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Ky’ \2 
(“3 ) 
0 
+36 01440 
-81 0729 
1.44 +230 
2.25 - 5625 
3.24 1.166 
4-41 2.16 
5.76 3.69 
7.29 5.90 
9.0 9.0 
10.89 13.18 
12.96 18.63 
15.21 25.7 
17.64 34-6 
20.25 45.5 
1.000 0400 
2.25 
4-00 640 
6.25 1.563 
9.00 3.24 
12.25 6.00 
16.00 10.24 
20.25 16.40 
25 25 
30.25 36.6 
36.0 51.8 
42.25 71.4 
49.0 96.0 
56.25 126.6 


TABLE 8 
h 
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-3 -3 
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-3 
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+1406 -0352 
-420 
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26.9 38.7 
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TABLE 10 
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-025 25 
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1.166 -420 
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13.29 10.76 
25 25 
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74.6 107.5 
120.7 203.9 
188.2 369 
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1417 


2630 
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984 


2780 


7300 


1.0 
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1.00 
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3.24 
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3 -6 
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“3 
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16 16 16 
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Discussion 


Static and Dynamic Spring Con- 
stants,’ and the Appropriate Lumped 
Constants of Vibrating Shaft 
Systems” 


J. R. Kang.? Marine designers have learned through bitter 
experience the necessity of investigating fully the vibratory 
characteristics of main-propulsion shafting systems while they 
are in the drawing-room stage. Torsional and axial vibration 
both influence the quietness and security of the engines, particu- 
larly in vessels of high power, and in cases where synchronous 
vibration is encountered. 

From an academic point of view, multitudinous related prob- 
lems are presented in the behavior of such systems, and the 
greatest and least phenomena would deserve equal attention. 
The engineer, by a process which often approaches art more 
nearly than science, must reduce the complexity of the complete 
system to such terms that it is at least reasonably calculable and 
in such a manner, he hopes, that the equivalent system exhibits 
at least the more important characteristics of the actual subject. 
Such reduced systems contain in common a series of lumped or 
concentrated masses interconnected by shafts or springs which 
themselves have distributed masses. We would gladly ignore the 
distributed spring masses if this were permissible, but, particu- 
larly in axial vibration, they represent too large a proportion of 
the mass of the system to drop. The papers under discussion 
present an interesting method for appropriate inclusion of these 
masses, 

In a system of weightless springs and several or many concen- 
trated masses, the most flexible method of analyzing vibration is 
probably the Holzer method. This method takes advantage of 
the continuity of the system by expressing the inertial force, dis- 
placement, and spring deflection at each point in the system in 
terms of an assumed amplitude at one entering point in the sys- 
tem and a trial frequency value. The system must be worked 
through point by point from the point at which the amplitude is 
assumed, the accrued inertial force and corresponding spring de- 
flection permitting the amplitude at each succeeding mass to be 
determined successively. For the determination of natural fre- 
quencies, the trial frequency must be adjusted by trial and error 
until the system meets its boundary conditions of freedom or 
constraint with no external disturbing force (or residual moment). 
The amplitudes are then indeterminate if no damping is present. 
Forced vibrations at any given frequency and forced vibrations 
with damping may be worked equally well, provided complex 
notation is used for amplitudes. 

The progress of such a calculation for natural frequency (in- 
volving only real numbers) may be kept by carrying along a plot 
of force in the system versus displacement, F versus X, in the 
manner described by the authors. This gives a graphical picture 
of the behavior of the system which is more comprehensible to 
some minds than a table of figures alone. 


'G. Horvay and J. Ormondroyd, published in the December, 1943, 
issue of the JourNAL or APPLIED Mecuanics, Trans. A.S.M.E., vol. 
65, 1943, paper 1(a), p. A-213; paper 1(b), p. A-220. 

a — News Shipbuilding & Dry Dock Company, Newport 
ews, Va. 
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Suppose now, in applying the Holzer process, we attempt a step 
across a spring whose mass cannot be neglected such as, for ex- 
ample, the main line shaft in a ship’s shafting system. F. M. 
Lewis in 1925 (see reference 7 of paper 1a)! pointed out a property 
of the equations for the torsional case, equally adaptable to longi- 
tudinal vibration, which enables us to draw the deflection curve 
of the oscillating shaft directly. Equation [15] of paper (1b) 
gives the equation of motion of the shaft which in,the axial case 
is approximate only in that it ignores lateral deformations 
Equations [18] and [19] give the general solution 


R sin + 
F/oV mk = R cos + 


which need only to be adapted to the boundary conditions to give 
a particular solution. Lewis suggested that, since the right-hand 
side of these equations is the parametric form for a circle of radius 
R (R is arbitrary), we need merely plot F/w»/mk versus X for 
the shaft rather than F versus X, and the deflection curve for the 
shaft appears as an arc of a circle. This is an extremely useful 
property as it is no great inconvenience to plot F/w+/mk rather 
than F, and the locus of all points of the shaft can be described 
exactly by scribing an are of a circle starting from the point 


X 


X = Xo, F = Fo, at = O and turning through an angle =. 


(Angle @ represents the polar angle of [Xo, Fo].) The force and 
displacement at the second junction may then be read off from 
the terminus of the curve, and the curve of F/w+/mk versus X 
gives just as graphic a picture of the vibration as F versus X. 

The solution may, of course, be carried out trigonometrically 
as well as graphically. Fig. 1 of this discussion represents the 
graph for the problem in Fig. 1 worked in paper (1a). 


Second Mode 1& First Mode 
r = 
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& 
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Fic. 1 Comparison or Exact aNp APPROXIMATE METHODS FOR 
PrRoBLEM OF Fig. 1 or Paper (la) 


(The solid line sopmeoente the deflection curve for the exact solution and the 
dashed line the Ormondroyd-Horvay approximation.) 


Having now a simple graph for the more precise solution, let 
us examine various approximate methods of lumping the shaft 
weight, based upon an assumed shape of the deflection curve 
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(Rayleigh method). Such methods all assume the mass of the 
shaft small compared with the junction masses and must be used 
with caution when this is not so. 

Suppose the shaft over which we are to make the step lies be- 
tween junction points £ = a and b, distance / apart, and has the 


deflection curve X = x, + (7 — %) , terms x, and 2, being the 


amplitudes at the initial and terminal ends, a and b, respectively. 
The maximum kinetic energy of the shaft during a cycle is 


T= + Tat, + 
The strain energy of the shaft 
1 
Y= — 2%)? 


is not directly influenced by redistribution of the mass. We will 
consider now several methods of regrouping so as to maintain 
the value of T: 

(a) Extension of Usual Rayleigh Method for One Mass and 


Spring: 
Factor T is as foilows 


14) 14) 


Noting that 4, = w%,, ¢, = w%, for tmax, We May write 


m 1z,\z,2 . 1 \ 


M lz 
We now see that if we addy (1 + ;*) to the junction mass at 
M 


1+- *:) to the junction mass at (6), leaving the 
3 2 Ly 


spring unchanged, we have an equivalent system. For the cases 
Ig = —2X, X, = 0, 2, = 0, we see the analogy to the Rayleigh 


(a) and 


‘ approximation for one mass and spring; the process might be 


called the generalization of the latter. 
(b) Ormondroyd-Horvay Method: 
Factor T is as follows 


m 


m 
(74? + 12 (t Xp)? 


Then 


The resemblance of the third term here to the form for the strain 
energy suggests shifting it to the other side in the equation T = V, 
upon which it becomes positive. It then appears that we will 
have an equivalent system if we add one half the shaft mass to 
the junction mass at each end and increase the spring constant of 


2 
the shaft by the addition of a The ingenious trick of correct- 


ing the strain energy to take care of a term in the kinetic-energy 
expression thus permits a simple and systematic rule for lumping 
of the mass independent of amplitude. 

(c) Rough Method for Use With Holzer Process: 

Factor T is as follows 
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Thus we must add " at junction (a) and “(1 + =) at (bd), 


a method that fits simply into the Holzer process. Obviously, 
this method will not render amplitudes as exactly as the two previ- 
ous methods since the energy is not divided symmetrically be- 
tween the two ends for symmetrical vibration, but for determin- 
ing frequency it is quite satisfactory. 


First mode Second mode 
Exact Meas 
Aes 477 104 
41.07 4.32 739 5 
6.0 w+ 406 9-60 1.0 
| 
(0) 10.0 10 
Ae 486 | 4-620 { Wh 1.06 
92 
«) 
0-965 


Fic. 2. EQuivaLENT SysTeMs FoR ProsieM oF Fig. | or Paper (la), 
Derivep From THE LINEAR APPROXIMATION 


Fig. 2 of this discussion shows the reduced systems for (a), (0), 
and (c) for the problem illustrated in Fig. 1 of paper (la). The 
three methods give practically the same accuracy for critical fre- 
quency, and (a) and (0) are practically identical in the estimate 
of amplitude. The full implications of the variational solution 
carried out by the authors are not fully understood by this writer; 
it appears that a solution so obtained is possibly not unique. 

The authors’ claim that their method is at least as good as 
Rayleigh’s approximation for single spring and mass appears 
justified. In the rapidity and systematic manner with which it 
may be carried out, it is much superior to methods that have been 
available heretofore. It should be particularly useful for obtain- 
ing resonance curves for damped motion where magnification fac- 
tors must be known for a wide range of frequencies. Its short- 
comings are those inherent in the Rayleigh assumption. Several 
of these are mentioned as follows: 

1 The process does not give equivalence for the force in the 
system at the junction points as can be seen by the comparison 
with the graph of the exact solution shown in Fig. 1 of this dis- 
cussion. It should be emphasized that, if forces in the interior 
of the shafting system are required, the polar graph must be 
constructed. 

2 Insystems in which the junction masses are small, the de- 
gree of approximation must be watched closely. In the problem, 
Fig. 1 of paper (1a) for example, the approximation to the second- 
mode frequency becomes less and less satisfactory as spring k, is 
stiffened (if it be stiffened 10 times, the second-mode frequency is 
in error by over 40 per cent). The process when applied to a sys- 
tem, such as that illustrated in Fig. 3 of paper (1a), seems labori- 
ous and artificial. The solution by the polar diagram can be 
worked in a matter of minutes for problems of this sort. 

3 The rules for determining the convergence of the approxima- 
tion, which are given noteworthy attention by the authors, are 
not too simple. It appears to this writer that considerable skill 
in manipulating the polar diagram just discussed is still desirable. 


AutTHors’ CLOSURE 


The authors are indebted to Mr. Kane for his valuable com- 
ments. It must be realized that ours is but an approximation 
method, and as such may prove inadequate in many instances. 
However, a suitable subdivision of the shafts of a given system 
will improve the approximation and will reduce the error to an 
allowable magnitude. For vibrating strings, this procedure is 
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DISCUSSION 


rather impractical, because of the great number of subdivisions 
that are necessary for bringing about the desired improvement 
(see example 2 of paper la), but for the study of the one-noded 
or two-noded longitudinal or torsional vibrations of ship drives 
to which concentrated masses are attached, a single subdivision 
of the main shaft usually suffices. 

It is important to know where to subdivide a shaft, and what 
error to expect in the results. The following analysis will serve 
to clarify these questions. 


Fie. 3 
{(2) Cantilever shaft of spring constant k, mass m, length 1, subdivided at 
distance = Xi from built-in end. (61) Exact elastic curve (full line) and 
appropriate linear approximation (dashed line) at frequency p2. (bz) Lewis’ 
= diagram at pe. (c) Cantilever shaft of spring constant k, mass m, 
ength /, with an attached concentrated mass u2 at open end, and concen- 
trated mass at distance = Al from built-in end. (d:) Exact elastic curve 
(full line) and appropriate linear approximation (dashed line) at frequency ps. 
(dz) Lewis’ polar diagram at 


Fig. 3(a) of this closure illustrates a cantilever shaft ob of total 
mass m, spring constant k, and length. Point a, at distance — = 
Al from the built-in end, subdivides the shaft into section oa hav- 
ing Mass and spring constant md, k/A, and section ab having mass 
and spring constant m(1 — A), k/(1 — A). 


k/m, va = VK/mandp: = 


At the frequencies p, = 


3r 


2 
a half sine wave, and a three-quarters sine wave, respectively. 
The last curve is shown in Fig. 3(b:) for \ = 1/5. The dashed 
line indicates the “appropriate” linear approximation. The 
points 0, a, 6 of the shaft are represented by the points 7's, 7, 7’, 
on the &zx diagram, Fig. 3(b:), and by the points Qo, Q,, Q, on 
the polar diagram, Fig. 3(b:). The polar diagram is drawn with 
the ordinate axis, Y = F/oV km as the polar axis, and with the 
clockwise direction as the direction of rotation. The angles 
mr Sr 


subtended by the arcs QoQ, and Q,Q, are €, = Pz Vin 2 


V k/m, the elastic curves of the shaft are a quarter sine wave, 


d = — — 
and = pz (1 —A), respectively. Naturally, 


3x/ 2. 
The linear approximation, unlike the exact procedure, leads 
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to frequencies p, vi2, P2 Which vary with the method of subdivi- 
sion, . This is illustrated in Fig. 4 of this closure, which shows 
the A-dependence of the ratio 4) = wexact/wapprox for the 
frequencies w = 7, vi2, P2. For instance, for \ = 1/5, we obtain 
(by the methods leading to Table 2 of the paper 1a) 


o( (8x/2)Vk/m 


= 0.846 
5.57V k/m 


o 


The same calculations also furnish the value 


_ —I/sin 54° 
(> [X()/X (1/5) approx 


—0.766 
for the quotient of the exact amplitude ratio and the approximate 
amplitude ratio, the ratio being taken for the abscissas —§ = / and 
& = 1/5 (cf. paper la, p. A-216). In Fig. 3(b:), of this closure we 
took X(l/5)approx = X(l/5)exact (see footnote 6, paper la), and 
therefore the diagram indicates an amplitude relation X(Jexact = 
1.61.X ())approx at the open end. 


$ (uw; Ar) 


ve 2 e we © 


y 
Fig. 4 


(Ratio ®= wexact/wapprox for shaft of Fig. 3(a) as a function of subdivision X 
calculated for frequencies “2, p2.) 


Let us consider the pz curve of Fig. 4. Obviously, the value of 
P2 approx 1S Closest to the true value for \ = 1/3. We find that at 
this value of \, ® = Snax = r/V 12 = 0.907, and that the 
approximate amplitude ratio, X (/)/X(l/3) = —1, is identical with 
the exact ratio. Why is the point \ = 1/3 the best point of the 
@(p2) curve? Because for = 1/3 the chords and 

of the elastic curve span arcs 797’, and 747’, which do not contain 
extrema in their interior. For \ < 1/3 the chord 7.47’) spans an 

are 7,7’, which contains the maximum, x(1/3); for \ > 1/3 it is 

the arc 77’. which contains X(l/3). Whether we increase or 
decrease \ much beyond 1/3, the approximation deteriorates very 
rapidly. But at \ = 1/3 the approximation is best, and it is 
found that a further subdivision at the node, \ = 2/3, does not 
improve the solution at all. This yields the most important rule: 
Subdivide the shafts of a system at the principal extrema of the exact 
elastic curve.* 

Fortunately, at resonance, the presence of sufficiently large junc- 
tion masses eliminates the principal extrema from the elastic curve in 
the majority of applications, and therefore in these problems the 
frequency agreement is always better than 90 per cent, without any 
subdivision of the shafts. (At nonresonance the principal extrema 
reappear in the elastic curve in spite of the large junction masses; 


3 We use the expression “‘principal extremum” to denote the points 
on the elastic curve which are characterized by horizontal tangents, 
e.g., point 7, of Fig. 3(b:), corresponding to an angle of 270 deg on 
the sine curve. The expression “‘simple extremum’”’ will be applied to 
points like 7, or 75 of Fig. 3(d:) which have locally extreme ordinates, 
but no horizontal tangents. 
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thus the approximate method is less effective at nonresonant 
frequencies.) Consider for instance the system of Fig. 3(c), 
obtained from Fig. 3(a) by the insertion of the junction mass 
m = al at the point a, and of the mass us = 62 at the point b. 
The presence of mass 4; creates a break in the elastic curve. The 
curve is drawn for pz in Fig. 3(d,).4 Naturally, the angles e. and 
es, Fig. 3(d2:), are smaller than they were in Fig. 3(b:), because of 


the lower value of pe. Thus the are 7'97's, Fig. 3(d:), ends in 7’. 
with an upward slope. On the other hand, if «4 is sufficiently 


large, then the 7,7; section of the curve starts out with a down- 


ward slope, or, in other words, the initial angle a» of the arc QQ», 
Fig. 3(dz), exceeds 90 deg. Thus while Fig. 3(b:) shows two princi- 
pal extrema, Fig. 3(d,) shows none. The second principal ex- 
tremum at the open end was eliminated by the presence of ps. 

Next we consider the curve #(vi2; \), Fig. 4 of this closure. 

The approximation is best for \ = !/2, because then neither 77’. 

nor 7,7, contains an extremum in the interior. Again we find 
the value, Pmax(m2; 3/2) = 2/ J 12. It is interesting to observe 
that @(p2) > (v2) for \ < 0.4, ie., for stiff springs k, and soft 
springs ky we can expect better results at p: than at mez. (Cf. 
Example 1, paper la. On page A-216, two lines above Example 2, 
we erroneously claimed general validity for this property.) 

Finally we consider the (pi; A) curve. This curve assumes 
the values r/V 12 at the two end points and reaches a flat 
maximum of ®max = 0.978 at about \ = 2/3. Thus if no shaft 
of a system carries a principal extremum in the interior, and if the 
shafts which include a node do not extend beyond the node by more 
than 60 deg in angular measure in either direction (for a centrally 
located node this means « = 27/3 in the limit), while the shafts 
which adjoin principal extrema have e’s smaller than 30 deg, then the 
approximate method yields frequencies which differ from the exact 
' frequencies by less than 21/4 per cent. Intermediate shafts which 
do not reach either a principal extremum or a node can have e’s 
which are of suitable intermediate size. 

We have thus established rough estimates for the expected 
error in frequency. The estimates are often rather crude, be- 
cause the location of the principal extrema is not known exactly 
in practical cases. We have also found that for systems of the 
type of example 1 (paper la), with very stiff springs ka and soft 
springs ky, the best subdivision of shaft ky (of length J.) is at a 
distance |,/3 from the open end for the frequency , at 1/2 for v2, 
at 2l,/3 for po. Nevertheless, subdivision of a shaft at its center, 
though less accurate, is sometimes found preferable, because of 
the convenience of having equal spring constants and equal 
lumped terminal masses for the two shaft sections. This speeds 
up the calculations. 

We conclude by pointing out, as Mr. Kane did, that the great- 
est usefulness of the approximate method pertains to the calcula- 
tion of damped vibrations. The new method provides accuracy 
and speed with a minimum of new tools, and with but little extra 
work. A shaft with the distributed constants k (spring con- 
stant), m (mass), r (external damping constant, viscous fluid 
friction), and c (internal damping constant, viscous hysteresis fric- 
tion) can be considered as a weightless spring of stiffness K = 
k + mw?/6 + jw(e — r/6), having lumped masses M = m/2 — 
jr/2 at the two ends. The calculations follow the customary 
Holzer pattern (cf. Example 3, paper 1a). 

The alternative methods used formerly, and mentioned under 
(a) and (c) by Mr. Kane, are simple only in appearance. In these 


4 We mention incidentally that the diagrams (d:) and (d2) are drawn 
(to scale) for Example 1, paper la. However this fact plays no role 
in our present analysis. 
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methods, one starts out with assumed values for the displace- 
ments, calculates the effective masses in terms of them, and then 
goes through a Holzer process, arriving at displacements which in 
general differ from the assumed values. A new calculation is 
now performed, using the improved displacements in the mass 
expressions. The convergence of this procedure is often very 
slow. 


Balancing of Rotating Apparatus—I' 


F. A. Hierscu.? For the problem of the “Single Disk on a 
Flexible Shaft, Stiff Bearings’ —“gravity neglected,” the author 
selected a case in which he assumed that unbalanced moments 
were in equilibrium with an undefined torque through the driving 
shaft. He also neglected the inertia forces due to angular ro- 
tation of the mass of the disk. The result is necessarily a fixed 
relationship between the shaft center, the bearing center line, 
and the center of gravity of the disk. 

When the complete system of equations of motion is written, 
it does not follow that we may assume the relative positions of the 
three centers will be constant. If the angular velocity of the 
shaft is assumed constant, the required torque must be pulsating 
and the relative positions of the center of the mass of the disk, the 
center line of the shaft at the disk, and the center line of the bear- 
ings will not be constant. This may be shown as follows: 


m = mass of disk 
G = center of gravity of disk 
e = eccentricity of disk on shaft 
i = radius of gyration of disk 
S = instantaneous position of center of shaft at position of 
disk 
K = spring constant of shaft 
r = deflection of center of gravity of disk relative to bearing 
center line 
O = projected center line of shaft bearings 
z, y = co-ordinates of G 
6 = angle of rotation of plane (of disk) through G and per- 
pendicular to shaft center line 
@ = angular rotation of disk with reference to z axis 
t = time 


Wer first-order shaft critical speed 

The shaft is assumed to be weightless and the action of gravity 
is neglected. (The solution is similar with gravity.) Under de- 
flection, it is assumed that a tangent to the shaft center at the 
position of the disk will be parallel to the bearing line of centers. 

Referring to Fig. 1 of this discussion, the equations of motion of 
the center of gravity of the disk G are 


méi + k(x —ecos¢) = 0.............. [1] 
my + k(y —esin = 0.............. [2] 


Angular rotation of the shaft rotates the disk and imparts to it 
an angular momentum mi*¢ about its center of gravity and an 
angular momentum m(2xj — yz) of the mass m of the disk concen- 
trated at G (about O). Since the rate of change of angular mo- 
mentum about a fixed line is equal to the impressed torque L 


d 
+ m(xy — = L 


1 By R. P. Kroon, published in the December, 1943, issue of the 
JouRNAL or AppLiep Mecuanics, Trans. A.S.M.E., vol. 65, 1943, 
p. A-225. 

2 Mechanical Engineer, N.A.C.A. Aircraft Engine Laboratory, 
Cleveland, Ohio. Mem. A.S.M.E., S.A.E. 
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Assuming that the angular velocity ¢ of the shaft is constant 


Substituting Equation [4] in Equations [1] and [2], we have 


mé + k[z — e cos (wt + go)] = 0 
mi + —e sin (wt + ¢o)] = 0 


or 
¥ + = € cos (wt + gdo)........ [5] 
\ a 
| i 
¥ /e 
| € € siIn® 
e€cos 
Ae 
Fig. 1 
5 
“/2 -4 xto-* 
3 
Fie. Morton or Center or Gravity G; w = we), 
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j + wy = € sin (wt + ¢o).. 


A solution of Equations [5] and [6] is given’ as 


ll 


M; 
COS (wept + + 0) + (wet + — do) + 
cos (wt + 
— w? 


M, M, 
(wt + + bo) + (wept + v2 — oo) + 


ew? 
——*— sin (wt + ¢o) 
— w? 
Substituting Equations [7] and [8] in Equation [3] with ¢ 
constant, we find that the torque L required to maintain constant 
angular velocity is pulsating and of the form 


L = M,sin{ — w)t + 1}+ Mesin {(w,, + w)t + 


We shall assume the following values for the constants so that 
we may graph a typical case showing the motion of the point 
G(z, y) throughout one complete cycle 
M, e M, Der 


= 


0.001 
ek 2 ek 


= 261.8 radians per sec; e = 


v1 = 3°58’; ye = 93°58’; oo = 45°; y = Oatt = 0 
The resulting path of G(z, y) is given in Fig. 2, herewith. 

It follows that the author’s conclusions and illustrations based 
on this example are not justified. 


‘Balancing of Rotating Apparatus—II' 


R. J. Brown.? The author in his discussion of shop balancing 
methods shows how simple moment calculations are used to 
determine corrective balance weights for rotating apparatus. 

With reference to the analysis given of Fig. 17(a) and 17(b) 
in the paper, another solution is worthy of consideration. As 
before, with bearing B locked and with bearing A left free to 
move (Fig. 1 of this discussion), there can be found a corrective 
weight W, in plane 1 which reduces the motion at A to zero. 
Now with bearing A locked (and with W, left in place) and with 
bearing B left free to move (Fig. 2 of this discussion), there can 
be found a corrective weight W: in plane 2, together with a com- 


3 “Die kritischen Zustande zweiter Art rasch umlaufender Wellen,”’ 
by P. Schroder, Stuttgart, 1924; also ‘‘Vibration Problems in Engi- 
neering,”’ by S. Timoshenko, Second edition, 1937, D. Van Nostrand 
Co., Inc., New York, N. Y., p. 37, 

1 By R. P. Kroon, published in the March, 1944, issue of the 
JoURNAL oF AppLieD Mecuanics, Trans. A.S.M.E., vol. 66, p. A-47. 

2 Assistant Head, Turbine Test Division, General Electric Com- 
pany, River Works, West Lyyn, Mass. Mem. A.S.M.E. 
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pensating weight W: b/d in plane 1 placed diametrically opposite 
W:, which produces a net reaction at B and which thus can re- 
duce the motion at B_to zero. Moreover, the addition of W2 in 
plane 2 and W; b/d in plane 1 diametrically opposite W: results 
in a net zero moment about B so that no reaction is produced at 
bearing A, and thus the rotor remains in complete balance when 
bearing A is released. 

Now the fact that the addition of W2 in plane 2 and W; b/d 
in plane 1 diametrically opposite W; results in a reaction at bear- 
ing B, but none at bearing A suggests that in field-balancing 
(with both bearings free), by the use of these compensated 
weights, the two ends of a rotor can be separately treated, thus 
avoiding the complexities of combined two-plane balancing. 
Thus referring to Fig. 3, for reducing vibration at A, a combined 
trial weight of W; in plane 1 and W; a/c in plane 2 diametrically 
opposite W, is used to determine a final combined weight of Wi, 
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Fig. 5 


in plane 1 and Wy a/c in plane 2 diametrically opposite Wi, 
(Fig. 3). 

Following this operation, to reduce vibration at B, a combined 
trial weight of W, in plane 2 and W; b/d in plane 1 diametrically 
opposite W; (Fig. 4) is used to determine a final combined weight 
of Wy in plane 2 and Wy, b/d in plane 1 diametrically opposite 

xy (Fig. 5 of this discussion). With the addition of these 
weights the rotor becomes completely balanced. 

The determination of positions and amounts of Wy and Wy 
may be by any of the simple single-plane balance procedures, 
such as the force diagram which was illustrated in Fig. 21 of the 
paper. 

The writer has used compensated weights to good advantage 
in numerous balancing procedures. The practice has been first 
to perform the balance procedure on the rotor end with greatest 
vibration in order to determine weights to reduce its vibration, 
and then with these weights left in place to perform the balance 
procedure on the other end to determine weights to reduce its 
vibration and, consequently, to bring the rotor to satisfactory 
balance. 

By use of compensated weights, combined two-plane balance 
procedures may be reduced to the more simple single-plane pro- 
cedures. 


LIONEL FLEISCHMANN.* The proof given by the author for the 
determination of the corrective weights by shop-balance methods 
is based upon the representation of the original unbalance by 
two different weights in two planes. It is possible to arrive at the 
same results without this supposition merely by considering the 
centrifugal force exerted by each element. A volume element 
dV (Fig. 6 of this discussion), revolving with an angular speed 
w» around an axis passing through the points O, and O,, exerts a 
force dF perpendicular to the axis given by 


dF = 


r = radial distance from axis 

¢ = angular distance from reference plane 

x = distance from 0; 

(f(r,¢,2/g)| = specific weight varying from point to point divided 
by g the gravitational constant 


where 


If we assume point O, to be a pivot then the force dF produces 8 
moment 


dM = 


which is a vector quantity. To find the moment of the entire 
body the elements must be added vectorially. Hence we can 
write for the moment 


* The Electric Auto-Lite Company, Toledo, Ohio. 
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R Qn 
Me= f(r, 9,2) /g|zdrdgdz 
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We shall call this triple integral S,. We now attach a weight W: 
to the plane passing through O; so that the moment in regard to 
O; equals zero, Fig. 7. This furnishes the equation 


We new choose O; as pivot point. The forces dF of course remain 
the same, but the moments dM are changed to 
dM = (l — 2)drdedz 
l being the distance 0,0, 
and the moment 
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r=0 ¢g=0 z=0 
R 
M = — S, 
r=(@ r=0 


The triple integral 


R » 
r=(@ ¢=0 zr=0 


we shall call 
We now attach a weight W, to the plane going through O; so 
that the moment equals zero; this furnishes 


lS, + IW, — S; = Q [2] 


We shall now prove that with the weights W; and W; the body 
is perfectly balanced. This demands that whichever point on the 
axis is chosen as pivot point, the equilibrium must not be dis- 
turbed. Let O; be this point at a distance y from O,, Fig. 7. 
The moment will be 


R » 
M = f(r,¢,2)/gl(y + x)drdedx 
r=0 J =0 


+ Wy + W,(l + y) 


de 
x 
Oo, 
Fia. 6 
W, Ug. 
Os 


Although the lower limit for zx in the triple integral has been 
changed from O to O; the value is still ySz + S,, for outside of the 
body f(r,¢,z)/g is zero, thus rendering the integral in this region 
zero, and therefore 
M = 8S, + Wal + y(S: + Wi + W2) 

But S: + W2l = 0 by Equation [1] and S. + Wi + W2 = 0 by 
addition of Equations [1] and [2], and so 1 = 0, and the body 
is in perfect balance. 

If the points O; and O; are not available as pivot points the 
question arises how to determine the weights W; and W;: from 
measurements obtained with other pivot points. To establish the 
relations let us take Fig. 8, points A and B. 

Starting with B as the pivot point, we reduce the vibrations 
to zero by attaching weight 1, in the plane through O;. We ob- 
tain the equation 


— z)drdedz + wid = 0 
r=0 


Although the lower limit of z has again been changed, the triple 
integralsare still equalto S:and S,as outside of the body f(r,¢,z)/g 
is zero, and we obtain 


dS; = —wid {3] 


Repeating this process with A as pivot and adding weight w: 
to the plane passing through O, furnishes, for zero vibration, the 
equation 


Jr rw [f(r,¢,2)/gl(a + + wa + wee 


aS; + = —wid — wee... [4] 
Substituting the values of S; and S; from Equations [1] and [2] 
in Equations [3] and [4] leas to 
dW, + bW: = wid 
aW, + = wa + wee 
with the solutions 


We IL = we iL 


These are the same values as given by the author, as the same 
sequence in the choice of the balancing planes has been observed. 
a 


AutTHor’s CLosuRE 


The author is indebted to Messrs. Brown, Hiersch, and Fleisch- 
mann for their discussions of these ‘‘design data.’”’ 
One’s first conclusion, upon noticing that Mr. Hiersch’s disk 
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performs differently in the horizontal than in the vertical direc- 
tion, in spite of the fact that he neglected gravity is: ‘“‘What a 
clever disk!’ Closer examination, however, shows that the disk 
has no choice in the matter, since Mr. Hiersch treats a case with- 
out damping, in which there is a certain amount of vibration 
(represented by the constants 1; and M:) at the natural fre- 
quency of the system going on ad infinitum. His example is 
chosen in such a way that the natural vibration in the horizontal 
and in the vertical directions have different phase angles with the 
forced vibration and, since the forced vibration is assumed to 
have a frequency 4 times the natural frequency, the disk describes 
the Lissajous figure shown in Fig. 2 of the discussion. This 
motion gives the “‘pulsating torque”? about which Mr. Hiersch is 
concerned. 

The case of no damping is, however, only of academic interest. 
Actually, as is well known, the presence of damping means that 
any initial amount of natural vibration must die out (./; and 
Mz, become zero) so that only the forced vibration remains, on 
which the balancer can go to work. 

Mr. Fleischmann proves in mathematical fashion that a stiff 
rotor can be balanced by two weights and finds the correct amount 
of weight to be added for the balancing process shown by the 
author in Figs. 17(a) and 17(6). 

Mr. Brown reports good results with ‘‘compensated weights’’ 
applied in such a manner that for a “stiff” rotor they would result 
in a zero reaction at one of the bearings. 

This practice of inserting two trial weights at the time should 
prove successful, especially when the rotor is operating at a speed 
well below the first natural frequency of the system as in the 
usual shop-balancing operation. 

However, where the speed is high and the elastic system com- 
plex, as on large turbine generators, the advantage of compen- 
sated weights is lost, and it becomes more convenient to work 
only with single trial weights. This also leads to better rele- 
tions with the service man who has to install the weights some- 
times under adverse conditions. 


Investigation of Cross-Spring Pivot’ 


P. G. Exurne.?- The author of this paper is to be congratu- 
lated upon his work which represents a valuable contribution to 
the literature on elastic hinges. Use of such elastic members 
has extended to many applications, and the design data pre- 
sented in the paper will assist in further extension. 

It is felt that the term ‘‘cross-spring pivot” describes the sub- 
ject member somewhat ambiguously, and it is suggested that the 
term ‘‘flexure pivot” be used for a system of crossed, flat springs, 
and that ‘‘fulerum plate” be used for a single, flat spring acting 
as a hinge. 

The author does not discuss one very important aspect of this 
problem, namely, that in which the springs are in tension due to 
heavy loads. This does not detract from his paper, but it does 
permit questioning note (d) under ‘Design Notes” wherein it is 
stated: ‘“‘When used as a pivot for a heavily loaded lever system, 
the springs should be placed so that one of the springs is in direct 
tension.” 

The writer is constructing a device which employs a set of 
crossed tapes as a pivot, subjected to a load of 30,000 lb. If one 
tape were in line with the load, would not its stretch cause a dish- 
ing of the other tape which would introduce substantial instability 
at the zero position? 


1 By W. E. Young, published in the June, 1944, issue of the Jour- 
NAL OF APPLIED Mecuanics, Trans. A.S.M.E., vol. 66, p. A-113. 

2 Engineer, Gulf Research & Development Company, Pittsburgh, 
Pa. Mem. A.S.M.E. 
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D. E. Wituramson.’ The cross-spring pivot has been used 
extensively in the design of profilometer tracers used for the 
measurement of surface roughness. In these applications, pivots 
of very small dimensions are used in order to reduce the weight of 
the moving parts and to provide a very “soft” spring action. In 
use the pivots are given a static deflection of about 0.03 deg. 
Upon this statie deflection is superimposed an oscillatory de- 
flection of about 0.003 deg double amplitude. 

Substituting in the formula for pivot-point travel, the static 
deflection produces a shift of about 0.000012 in. for a 90-deg 
spring 0.1 in. long. The oscillatory motion will produce only 
1/19 of this small value or 0.0000012 in. Inasmuch as the lever 
arm which the spring supports extends 1 in. on either side of the 
pivot, this value is happily inconsequential. 

It is, however, important that the pivot system be rigid with 
respect to transverse forces applied normal to the axis of rotation. 
Since we are dealing primarily with the oscillatory motion, it can- 
not be assumed that optimum design would be that which would 
best carry the static load. 

It has been found in some appli¢ations that transverse flexi- 
bility gives rise to unwanted motion great enough to obscure com- 
pletely the motion which it is desired to measure. 

The present paper does not attempt to discuss transverse stiff- 
ness at small amplitudes of deflection. It is felt, however, that 
the success of the pivot may frequently depend upon the ratio of 
transverse to angular stiffness, and it is suggested that this phase 
of the work be considered. The content of the present paper is 
excellently chosen and presented, and should provide valuable in- 
formation to designers of small instruments. 


AUTHOR’sS CLOSURE 


The term, “cross-spring pivot” is perhaps as Mr. Exline points 
out, a bit ambiguous particularly since in many applications, the 
springs do not actually cross. ‘“Flexure pivot’ describes this 
type of hinge more accurately. 

By heavy loads, it was intended to refer to loads which might 
cause a column effect in the spring members. Under optimum 
loading conditions seven pounds would be about the limit for the 
three-inch springs. In tension this load would result in a tota! 
strain of about 0.000155 in. which is small when referred to a total! 
length of three inches. Although Mr. Exline does not mention 
the physical dimensions of his springs, the magnitude of the 
load would suggest that these springs might be highly stressed, 
perhaps close to the yield point, in which case the elongation 
might be a considerable factor in the reaction between the spring 
members. This effect has not been investigated but presents 
interesting possibilities. 

In general a slight transverse flexibility has not been con- 
sidered serious but in the application mentioned by Mr. William- 
son, in which such small motions are being recorded, transverse 
motion might produce a considerable error in measurement 
At present, the best that can be suggested is that it may some- 
times be necessary to sacrifice light weight and sensitivity for 
stiffness. An attempt should also be made to keep the resonant 
frequency of the system as far as possible from the range of fre- 
quencies likely to be encountered in the operation of the instru- 
ment. 

It should be pointed out that the design formulas were de- 
veloped primarily for larger deflection angles than those used b\ 
Mr. Williamson, and for this reason the results he obtains ma) 
be only approximations. However, it may still be concluded 
that the shift of this pivot is very small relative to a 1-in. lever 
arm. 


3 Manager, Profilometer Division, Physicists Research Company, 
Ann Arbor, Mich. 
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Methods of Advanced Calculus 


Merrops or Apvancep By Philip Franklin, Professor 
of Mathematics, Massachusetts Institute of Technology, McGraw- 
Hill Book Company, Inc., New York, N. Y., 1944. Cloth, 5'/2 « 
8 in., xii and 486 pp., $4.50. 


REVIEWED BY MorGAaN Warp! 


"THE stated aims of this text are “to refresh and improve the 

reader’s technique in applying elementary calculus (and), to 
present those methods of advanced calculus which are most 
needed in applied mathematies.’’ The book is divided into 
twelve chapters and begins by discussing the elementary func- 
tions of a complex variable. Then follow chapters on partial 
differentiation, vectors, simple and multiple integration, line 
integration in the real and complex plane, gamma function inte- 
grals, and elliptic integrals. The latter half of the book presents 
topics in the vector analysis of fields, ordinary and partial dif- 
ferential equations, Fourier series, Legendre polynomials and 
Bessell functions, and the caleulus of variations. 

For a book of such small size, the range of topics and thorough- 
ness of treatment are remarkable. Other noteworthy features 
are the collection of over 1200 mathematical problems and exer- 
cises, the excellent summarizing paragraphs with which each 
major topic is introduced, and the early introduction of complex 
variables. The style is terse and proofs are omitted wherever 
possible. There are, however, numerous references for the reader 
wishing more mathematical detail. 

As the title implies, the book is concerned almost exclusively 
with mathematical techniques and methods. It should be well 
adopted as a text for a second-year course in calculus for men 
interested in applied mathematical physics and chemistry, or 
aeronautical, vibrational, or electrical engineering. For self- 
study, the book demands very close reading, and the engineer 
who is somewhat rusty in his mathematics would do well to 
supplement it by a book proceeding at a more leisurely pace. 


Pure Metals 


Retne By. A. E. van Arkel. Published and dis- 
tributed in the Public Interest by Authority of the Alien Property 
Custodian under License No. A.26. Photolithoprint Reprodue- 
tion, Edwards Brothers, Ine., Ann Arbor, Mich., 1943. Cloth 
6 X 9in., vii and 574 pp., 67 illustrations, $12.50. 


REVIEWED BY GEORGE SAcus? 


HIS book will be valuable for everyone who is dealing with 

any metal approaching chemical purity. 

A few introductory chapters deal with the metallic state and 
with the various types of methods for producing pure metals. 
For each metal the book describes shortly the general production 
methods of the metals and those relating specifically to high- 
purity metals in a somewhat more detailed manner. A very 
short section deals with the chemical properties, while the physi- 
sal properties are treated critically and all pertinent data as- 
sembled in tables. A typical chapter lists the following prop- 
erties: Crystal structure, thermal expansion, compressibility, 

' Professor of Mathematics, California Institute of Technology, 
Pasadena, California. 


* Professor of Physical Metallurgy, Case School of Applied Science, 
Cleveland, Ohio. Mem. A.S.M.E. 


melting point, boiling point, specific heat, thermal conductivity, 
electrical properties, magnetic properties, optical properties, 
mechanical properties, normal potential. These are supple- 
mented for some metals by some other properties such as electron 
emission. 

The editor of the book, Prof. A. E. Van Arkel, has written almost 
one half of the text, covering all the metals with which he is 
familiar from his previous connection with the large Dutch electric 
and radio company, Phillips Eindhoven. The more common 
metals have been discussed by authorities on the respective 
fields, the number of authors totaling twenty. This condition 
introduces a rather nonuniform treatment of the different metals, 
in spite of the visible attempts of the editor to keep the layout 
uniform. Thus, for instance, in the chapter on iron a considera- 
ble amount of data on really pure iron appears to be missing, 
as the author is obviously more familiar with problems of the 
steel industry than with the characteristics of pure metals. 

This objection, however, detracts only little from the value of 
the book, which will certainly save a considerable amount of 
library work for the large number of scientists and engineers en- 
gaged with pure metals. 


Proceedings of the Society for 
Experimental Stress 
Analysis 


PROCEEDINGS OF THE SOCIETY FOR EXPERIMENTAL STRESS ANALY- 
sis. Volume I, Number 2. Papers contributed through the 
Society to the Joint Meeting with the Applied Mechanics Division 
of Tat AMERICAN Socrety OF MECHANICAL ENGINEERS. Held at 
the Hote! Pennsylvania, New York, N. Y., December 2, 3, 4, 1943. 
Published and distributed by Addison-Wesley Press, Inc., Ken- 
dall Square Building, Cambridge 42, Massachusetts. Cloth, 8!/2 
x llin., xiv and 132 pp., figs. and tables, $4. 


REVIEWED By A. M. 


ie IS book, edited by Dr. C. Lipson and Prof. W. M. Murray, 

represents the second part of the volume 1 of the Proceedings 
of the Society for Experimental Stress Analysis and consists of 
papers contributed at the joint meeting held with the A.S.M.E. 
in New York, N. Y., December, 1943. As in the case of the first 
part of volume 1, a considerable portion of the thirteen papers 
included deal with investigations involving applications or use of 
resistance-wire gages. The remaining papers deal with a rather 
wide variety of subjects including such topics as combined stress 
experiments, model analysis of structures, static testing of air- 
craft structures, stress measurement by X-ray diffraction, re- 
sidual stresses in metals, structural research in airship design, 
application of the brittle lacquer method to stress analysis of 
machine parts, and magnetic strain gages. 

The application of the SR-4 wire gages to the determination of 
strains set up under impact conditions in the case of a struck 
string, beam, or plate forms the subject of a rather interesting 
paper by Dohrenwend, Drucker, and Moore, in which some com- 
parisons are given between theoretical and experimental solu- 
tions. It is concluded that fundamental problems of the type 
investigated are of value as a check on instruments used to 
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measure impact transients. Further application of SR-4 gages 
and associated control equipment to measure torques or loads 
in heavy equipment such as large shovels used in strip mining 
is described in a paper by J. H. Meier. Measurement of coupling 
or shock-absorber torques by means of a potentiometer arrange- 
ment is also discussed. A torque-meter consisting of a section of 
a shaft and using bonded wire gages as the strain-sensitive ele- 
ment is described together with associated measuring circuits 
in the paper by A. C. Ruge. By using four gages placed at 45 
deg to the shaft axis and so connected that the bridge is addi- 
tively unbalanced by all of them, the effects of slip-ring resistance 
are minimized. Arrangements for measuring thrust as well as 
torque are also described. 

Problems involved in the analysis of structures are discussed 
in several papers. One of these, by Norris, describes methods 
for the model analysis of structures as used at M.1.T. It is of 
interest to note that the disturbing effects of creep in celluloid 
structural models may be greatly minimized in testing by the 
use of fixed deflections rather than fixed loads. Methods for 
determining natural frequencies and normal modes of vibra- 
tion are also described. A second paper on structural research 
by E. L. Shaw discusses the methods used to determine the 
strength properties of structures used for airships. A resonance- 
type fatigue-testing machine is also described. Tests of airplane 
structures and associated equipment are described in a paper by 
W. H. Bonnell. 

Two articles by Norton and Rosenthal describe the X-ray 
diffraction method for residual stress measurement and its ap- 
plication to the determination of residual stress produced by 
local heating (as occurs in welding) or by overstressing. It is 
of interest to note that the investigation shows that a residual 
compression stress will exist in a thin layer near the surface of a 
straight bar stressed in tension beyond the yield point. 

Problems involved in the design and use of magnetic strain 
gages are discussed together with various applications in an article 
by B. F. Langer. Applications described include measurements 
of torque and thrust of a marine propeller, forces in sucker rods 
for oil-well pumping, and pressures in steel rolling mills. The 
use of these instruments in the supervisory control of large steam 
turbines is also described. By proper mounting, this type of 
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gage may also be used in a centrifugal field of considerable mag- 
nitude. 

The use of dyadic strain gages (i.e. gages having two compo- 
nents arranged to add or subtract) is discussed by 8. B. Williams. 
In some cases such gages may be used to advantage for a direct 
indication of normal stress in two-dimensional stress problems. 

The application of the brittle-lacquer (Stresscoat) method 
to a variety of stress-analysis problems in machine design is 
treated in a paper by Hetényi and Young. Among the prob- 
lems investigated were gear motor housing, gear-tooth stresses, 
aircraft generator brackets, and stresses in flapper valves. Tor- 
sion tests reported in this paper indicate that cracking of the 
lacquer occurs at a critical value of strain irrespective of whether 
or not the stress is uniaxial or biaxial. 

The problem of stress range in connecting-rod bolts as a func- 
tion of initial bolt loading is considered in an interesting paper 
by C. Lipson. Strain-gage measurements using SR-4 resistance- 
wire gages on actual rod bolts show a relatively large increase in 
stress range if the bolts are not tightened sufficiently. Means for 
reducing this stress range by using a “lip” at the parting line 
are described. 

Photoelastic tests on fillets of elliptical profile, described in 
the article by D. C. Berkey, show that for a given axial length 
of fillet a considerable reduction in stress-concentration factor 
may be obtained by the use of this type. It is of interest to note 
that a reduction in stress may be realized by removing material 
from a circular fillet to form one of elliptical profile. 

In addition to the papers mentioned previously, synopses of 
twelve other papers presented at the joint meeting with the 
A.S.M.E. are also given, These cover such varied topics as 
measurement of dynamic strains in tensile test specimens, stress 
coefficients for rotating disks, bursting tests of turbine disks, 
deflection of circular plates, shrink-fit stresses, cross-spring pivots, 
relation between impact and static tests, use of strain gages in 
aircraft design, formulas for wire gages used in two-dimensional 
stress fields, stresses in steam-hammer piston rods. Some of 
these papers have been published in the JouRNAL oF APPLIED 
Mecuanics or in the A.S.M.E. Transactions. 

It is the reviewer’s opinion that stress analysts and designers, 
as well as experimental engineers, will find much useful material 
in this volume. 
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A Simplified Method of Determining 


Hoop Stresses in Fan Rotors 


By G. F. LAKE,! DURHAM, ENGLAND 


The method of determining the stresses in rotating disks 
and cylinders is given in various engineering textbooks. 
For a disk of varying thickness the form of the differential 
equation derived in the stress analysis is such that it can 
only be conveniently applied to disks of particular section, 
and even then the solution involves tedious arithmetical 
computation. This method can be applied to disks of 
practical section by approximating to the section as far 
as possible by one or more sections of soluble shape. Where 
the approximation involves more than one section, the 
method becomes exceedingly cumbersome owing to the 
number of constants introduced and the laborious arith- 
metic required in their evaluation. The absence ofa ready 
method of determining stresses in disks of different shape 
is a decided disadvantage when considering the stresses in 
fan rotors. The running speeds of fans are frequently 
such that they impose high stresses in the rotors, and it 
would be useful to have some method of assessing rapidly 
the effect on stress both of modifications in the design 
stage and later of wear in service. A simple method of 
determining to a fairly close approximation the hoop 
stresses in rotors containing a central hole is given in this 
paper. It is shown by applying the method to cases 
capable of solution by the more exact method that, subject 
to certain limitations, the likely error in the maximum 
hoop stress is an overestimate by the approximate method 
of about 5 per cent. 


NOMENCLATURE 


The following nomenclature is used in this paper: 


a@ = area of rotor section (one-half diametral section) 

r = radius at any point of rotor section 

b = axial width of rotor section at any radius 

r; = internal radius of rotor 

re = radius of rotor at which actual stress is equal to 
mean stress over rotor section 

rs = radius of gyration of rotor section about axis of 


rotation 
™ = external radius of rotor 


w = angular speed of rotation of rotor 

v = peripheral speed of rotor 

p = density of rotor material 

f = rotating ring stress (= pv?) 
fm = mean hoop stress across rotor section 
f, = hoop stress at radius r 


q, = radial stress at radius r 
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= radial shift at radius r 

= Poisson’s ratio 

modulus of elasticity 

blade correction factor 

indexes of r in solution of differential equation for u 
symbol used in equation for determination of a, 8 
constants 
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Basis OF APPROXIMATE METHOD 


The basis of the approximate method of determining hoop 
stresses in fan rotors is simply the assumption that the rotor 
section displaces radially under stress without distortion. With 
constant radial displacement the hoop strain at any point of the 
rotor section must be inversely proportional to the radius. Since 
the radial stresses themselves are small compared with the hoop 
stresses, it follows that the hoop stress at any point of the rotor 
section is also approximately inversely proportional to the radius. 

Referring to Fig. 1, which indicates a typical fan-rotor section, 
for a hoop-stress distribution in which the stress is proportional 
to (1/r) the mean hoop stress across the rotor section is equal to 
the actual value of the hoop stress at a radius 72 given by 


From a consideration of the centrifugal forces to which a radially 
sliced wedge of the rotor is subjected, it follows that the mean 


2 
stress is also equal to s(*) where 


i 
i 
"3 
\ 
Fig. 1 Typtcat Fan-Rovor SEcTION 
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and f is the hoop stress in a thin circular ring rotating at the 
peripheral speed v = rgv, that is 


r; is, of course, the radius of gyration of the rotor section about 
the axis of rotation; therefore 


. 


and the hoop stress at any radius r 


r 


The greatest and least hoop stresses across the rotor section occur 


r r 
at radii r; and r, with values of f,, X d and fm X ~ respectively. 
1 


Thus it will be seen that the hoop-stress distribution across the 
rotor section may be readily determined by this method. The 
only quantities which require any lengthy computation are rz 
and r;, but the procedure is quite straightforward and merely 
requires subdivision of the section into convenient axial strips. 
There is also little room for the introduction of any serious 
arithmetical error since the values of rz and 73; may be estimated 
within fairly close limits without any calculation at all. 


CoMPARISON WitTH Exact METHOD 


A comparison between the results obtained by the approximate 
method and the exact method may be made for sections capable 
of ready analysis. Two such sections are the disk of uniform 
thickness and a disk of tapering section in which 6 is inversely 
proportional to r. renee have been made for both of 


these sections with ratios of * = * equal to 3. Any appreciable 
discrepancy between the two a would be expected to 


be revealed with sections having this ratio of The calculations 


are given in detail in Appendixes 1 and 2 and the results sum- 
marized in Tables 1 and 2. 


TABLE 1 DISK OF UNIFORM THICKNESS 
Hoop stress by 
Exact Approximate Discrepancy, 
Radius method meth per cent 
ri 0.844 pv? 0.876 pr? +4 
2ri 0.456 pr? 0.438 pv? — 4 
3ri (= ra) 0.266 pr? 0.292 pr? +10 


TABLE 2 DISK OF TAPERING THICKNESS (v2 *) 


Hoop stress by 


, Exact Approximate Discrepancy, 
Radius method method per cent 
0.632 pr? 0.666 pr? +65 
2nr 0.357 pr? 0.333 pv? -7 
3r1 (= ra) 0.210 pr? 0.222 pr? +6 


From Tables 1 and 2 it will be seen that the greatest dis- 
crepancy between the two methods for the cases considered is 
10 per cent, although the greatest discrepancy between the 
maximum stresses, which are of chief practical interest, is only 
5 per cent. Furthermore, the approximate method tends to 
overestimate the maximum stress, and would therefore err on 
the conservative side in its application to design. For sections 


r 
with ratios of * less than 3, agreement between the two methods 
1 
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would be still closer. On the other hand, it is found that the two 


methods begin to diverge appreciably with ratios of * greater 


than 8. It would therefore be unsafe to use the approximate 


method for sections in which — is greater than 3. In spite of this 


limitation, it is probable that a considerable number of fan-rotor 
sections are designed for which the approximate method is 
suitable. 


APPLICATION TO Fan Rotors 


Whatever method is used for the calculation of stresses in fan 
rotors, some allowance must be made for the additional centrifu- 
gal loading caused by the fan blades. Where the blades are 
held between two rotors, it is usual to assume that the additional 


TABLE 3 CALCULATION PROCEDURE BY APPROXIMATE 
METHOD 
Side wheel Main wheel 
plate rotor plate rotor 
T:, inches. 10.2 6.8 
r3, inches. 10.55 8.0 
15 15 
Angular velocity, 237 6237 
Peripheral speed 9, 816 816 
ews -ring stress f v? tons oper sq in. 31.1 1.1 
Wheel-blade 1.208 1.149 
Mean hoop stress fm = Kf ¢ *)' » tons per 
Hoop stress at radius ri = fm , tons per 
Hoop stress at radius ra = fm X —, tons per 


Fig. 2 AmMMONIA-WoRKS CoMPpRESSOR FAN 


load is equally divided between the rotors, and a correction 
factor is applied 


Total weight of of blades 


Ww eight of rotor 


Correction factor = 1 + 1/.- 


This is equivalent to assuming that the radial distribution of 
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blade mass is the same as that of the rotor. While this may 
not be exact, where the correction factor is not large, the as- 
sumption seems justifiable. 

As an example of the calculation procedure by the approximate 
method, that followed for determining the hoop stresses in an 
ammonia-works compressor fan of the type shown in Fig. 2, 
30 in. diam, running at a speed of 6237 rpm, is given in Table 3. 
The method of determining the values of rz and r; for the side 
wheel plate rotor is shown in Appendix 3. 


Errect oF WEAR ON Fan Rorors 


A redeeming feature of uniform wear on fans is that hoop 
stresses are not thereby greatly increased, owing to the fact that 
the centrifugal loads as well as the rotor sections are reduced in 
proportion to the wear. An increase may result from the fact 
that wear on the rotors may be greater than wear on the blades, 
thereby increasing the blade correction factor, but this effect 
cannot in any case be very great. The result of nonuniform 
wear where, for instance, corrosion is taking place, may of course 
be more serious due to local stress concentration. 


Appendix | 


Hoopr-Srress DistRIBUTION IN Disk OF UNIFORM THICKNESS 


Exact Method. The hoop-stress distribution in a disk with a 
central hole is given by 


Taking ¢ = 0.3 and “* = 3, the values of fr for values of r 
1 


equal to nr, 2r;, and 3r; are 0.844, 0.456, and 0.266, respectively. 


Approximate Method. In this case 


m 


and 
rT 
r°dr 
rr r 
3 
When = 3 
therefore 


and the values of fr 
are 0.876, 0.438, and 0.292, respectively. 


for values of r equal to rm, 27, and 3r; 


Appendix 2 


Hoop-Srress DisrripuTion IN oF TAPERING SECTION 


1 
ba 
r 


Ezact Method. The general differential equation for the radial 
displacement of a disk of variable width is 


PF 
By expressing b in the form b = — this equation becomes 
r 


1 
(1 + 


r2 


the solution of which is 


where a@ and £ are roots of the equation 
[15] 


Taking o = 0.3, the values of @ and $8 area = 1.745 and 8 
= —0.745 so that 


u r 0.745 rs 1.745 
E-=A\-— +B \- — 0.194 pr*w?... [16] 
r % r 


The hoop and radial stresses are 


(: ix) 
and 
( r 3) 
therefore 
(: 0.745 1.745 
(1 — o*)f, = 1.5235A + 0.7765 B 
and 
(1 — o*)q, = 1.045A — 0.445B 


The constants A and B are determined by the conditions that 
q, = Oatr =r, andr = 7%, which fora disk in which ~ a 3 give 


B = 0.0746 [22] 
therefore 


‘ 0.745 \ 1.745 
( = 0.501 + 0.0579 (7 


for values of r equal to 7, 2r;, and 3r;, are 


The values of fr 
pr ew? 


0.632, 0.357, and 0.210, respectively. 
Approximate Method. In this case 


weet, 
ry? 1+ 30 r? (6) 
r? 
= 
| 
r 
= loge — . [24] 
rT 4 1 1 
a 
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and 15 
‘dp 
ri 
r 
When = 3 
12}— 
f= [26] 
- —- — 
therefore = prs*w? X (28] 
and the values of —— for values of r equal to rm, 2r;, and 3r; a 
| 
are 0.666, 0.333, and 0.222, respectively. 
T T 
Appendix 3 agrees 
TABLE 4 METHOD USED ro AND re FOR 8 | 
| 
Aa r r Aar? | | 
0.2 14.5 0.0138 42.05 
0.3 13.5 0.0222 54.61 
0.4 12.5 0.032 62. | 
0.5 11.4 0.0439 64.98 
0.34 10 75 0.0316 39.29 | 
0.43 10.25 0.0419 45.18 6 a: 
0.51 9.7 0.0526, 47.99 = | 
0.45 9.4 0.0479 39.76 
0.61 9.15 0.0667 51.07 
0.51 8.85 0.057 39.94 
0.35 8.55 0.0409 25.58 
4.60 0.4511 612.95 
10.2 10.55 Fig. 3 Section or Srpp-WHEEL PLaTe Rotor or AMMONIA-WORKS 
\ 4.60 Compressor Fan 
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The Effect of Transverse Shear Deformation 


on the Bending of Elastic Plates 


By ERIC REISSNER,! CAMBRIDGE, MASS. 


A system of equations is developed for the theory of 
bending of thin elastic plates which takes into account 
the transverse shear deformability of the plate. This 
system of equations is of such nature that three boundary 
conditions can and must be prescribed along the edge of 
the plate. The general solution of the system of equations 
is obtained in terms of two plane harmonic functions and 
one function which is the general solution of the equation 
Ay — (10/h?) y¥ = 0. The general results of the paper are 
applied (a) to the problem of torsion of a rectangular 
plate, (6) to the problems of plain bending and pure twist- 
ing of an infinite plate with a circular hole. In these two 
problems important differences are noted between the 
results of the present theory and the results obtained by 
means of the classical plate theory. It is indicated that 
the present theory may be applied to other problems where 
the deviations from the results of classical plate theory are 
of interest. Among these other problems is the determi- 
nation of the reactions along the edges of a simply sup- 
ported rectangular plate, where the classical theory leads 
to concentrated reactions at the corners of the plate. 
These concentrated reactions will not occur in the solution 
of the foregoing problem by means of the theory given in 
the present paper. 


INTRODUCTION 


T is well known that the ciassical theory of bending of thin elas- 
tic plates normal to their original plane permits the satisfac- 
tion of fewer boundary conditions along the edges of a plate 

than can in reality bé prescribed. For instance, along a free edge, 
one has the three conditions of vanishing vertical force and of 
vanishing bending and twisting couple. Kirchhoff (1)? has 
shown that the assumptions underlying the classical theory are 
responsible for a contraction of the three conditions mentioned 
into two conditions, which are vanishing bending couple, and 
vanishing of the sum of vertical force and edgewise rate of change 
of twisting couple. The meaning of this reduction in the number 
of boundary conditions has been explained by Thomson and 
Tait (2). The history of the problem has been discussed by Love 
(3) and recently again by Stoker (4). 

Because of the simplifying assumptions made in the develop- 
ment of the classical theory, it may lead to consequences such as 
the following. 
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1 There occur concentrated reactions at the corners of simply 
supported plates of polygonal shape. 

2 Treatment of the St. Venant torsion problem of a rod with 
narrow rectangular cross section by means of plate theory, while 
leading to a fairly accurate torque-twist relation when the width 
of the plate is larger than, say, 10 times the thickness of the plate, 
does not furnish sufficient information regarding the distribution 
of stress over the cross section. 

3 Results for the magnitude of the stress concentration at 
the edge of holes in transversely bent plates become uncertain 
when the diameter of the hole is so small as to be of the order of 
magnitude of the plate thickness (5, 6). 

In the present paper, a theory of bending of plates is developed 
which, to a considerable extent, is free of the limitations just 
described. In this theory, three boundary conditions can and 
must be satisfied along the edges of a plate. The theory is ap- 
plied (a) to the torsion problem of the rod with rectangular cross- 
section where very good agreement is reached with the results of 
the exact theory; (6) to the stress-concentration problem of the 
plate with circular hole. Here considerable deviations from 
the results of classical plate theory are obtained as soon as the 
diameter of the hole is less than 3 times the thickness of 
the plate. 

The manner in which the equations of the theory are obtained 
consists in an application of Castigliano’s theorem of least work, 
combined with the Lagrangian multiplier method of the calculus 
of variations. The physical basis of the present results forms 
the device of not discarding the energy of the transverse shear 
stresses, in contrast to what is done in the different derivations 
of classical plate theory. 

The results here obtained for flat plates may be extended so 
as to apply to curved shells. 


DERIVATION OF FUNDAMENTAL EQuaATIONS 


As in the standard theory of thin plates, it is assumed that the 
bending stresses are distributed linearly over the thickness of the 
plate 


M; 


= h/2 {la} 
M, 2 

{1b} 


In Equations [1] 4; and M, are the bending couples, H,, the 
twisting couple, h the thickness of the plate (which in what fol- 
lows is assumed to be uniform), z, y are co-ordinates in the middle 
plane of the plate, and z the thickness co-ordinate (Fig. 1). 

From Equations [1], there are obtained, by means of the 
differential equations of equilibrium, expressions for the trans- 
verse shear stresses which satisfy the conditions that the faces of 
the plate are free from shear stress 
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and carrying out the integration with respect to 2 where possible 
Ox Tz 02 there follows, with 


wt 2 
My 
Vx 1 A 
Fre. 1 ORIENTATION oF STRESS RESULTANTS AND STRESS COUPLES, 12 
AND Stress VARIATION OVER PLATE THICKNESS (Mz+M,)? + 2(1 + »)(Hzy?— M-M,) 
= Vy (2b) l + v v 
ve 2h/3 h/2 + ar ot 5 h*p(M, M,) 


The shear-stress resultants V,; and V, depend on the stress 
couples 


oM, dH, 
[3a] 
oH oM 
[3b] 


ox oy 


Substituting Equations [2] in the remaining differential equa- 
tion of equilibrium, there results for the transverse normal stress 
the expression : 


3 


which satisfies the loading conditions 


h h 


The shear-stress resultants and the intensity of the vertical load- 
ing p are related by the equation 


+ ov, 

oz oy 

Combination of Equations [3] and Equation [6] results in one 
equation for the three quantities M,, M,, H,,. To obtain further 
equations, use has to be made of the stress-strain relations. In 
view of the simplifying assumptions made in the writing of ex- 
pressions for the stresses, this cannot be done in an exact manner. 
It is done in a rational manner in what follows by means of Casti- 
gliano’s theorem of least work. This theorem states that, among 
all statically correct states of stress, the state of stress which 


also satisfies the stress-strain relations and the displacement . 


boundary conditions is characterized by the condition that the 
variation of the following expression vanishes 


1 
SS + 0,2 + 0,2 — + o20, + oy0,) 


+ 2(1 + + + } 
— SS” logtint + Trew} dsdz. . [7] 


In Equation [7] the double integral extends over the cylindrical 
portion of the surface of the elastic body under consideration, u, 
and u, are displacement components parallel to the plane of the 
plate in normal and tangential direction, and w is the displace- 
ment component normal to the plane of the plate. 

Substituting for the stresses from Equations [1], [2], and [4], 


h A 


h 


It is consistent with the assumption of linear bending stress 
distribution to assume that the displacements u, and u, vary 
linearly over the thickness of the plate and that w does not vary 
over the thickness of the plate 


The line integral in Equation [8] then becomes 
S{M,u,' + H,,i,’ + V,w}ds 


For a plate with built-in edges 


i,’ =v =0 
For a plate with free edges a,’, a,’ and W are unprescribed. 

The variation of II according to Equation [8] is to be made 
equal to zero in such a way that the equilibrium Equation [6) 
remains satisfied. According to the rules of the calculus of 
variations, this is accomplished by multiplying Equation [6] by 4 
Lagrange multiplier \ and by combining Equations [8] and [6) 
in the following manner 


12 ° 
6 late + M,)?—2(1 + ») (Hz,2—M;M,) 


1 


4 ” + — : h*p(Mz + M,)} drdy 


S(M,2,' + + V,,)ds 


+ SSMz, 4 + » lana} 
ox oy 


q 
ats 
nn [2 
o,2dz ¢ dzdy 
12 h 
- = 
2 
9 
2 
‘ 
ac: 4 
eve 
4 
2 
4 
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Carrying out the variations 


{(Mz+ M,)(6M, + 6M,) + (1 + »)(2H,26H,, 


— M,3M, — M,sM,) 


+SS»r Bes) + 5 (2%) | aay = 0.....{11] 


Integrating by parts in the last integral 


Or OA 
sv, | drdy + ds 
ox oy 
Substituting this in Equation [11], it is seen that, when 6V, is 


arbitrary, then 


As the same result can be obtained for any interior curve, it may 
be concluded that the Lagrange multiplier \ is to be identified 
with the plate deflection function w. 

The variations of V, and V,, according to Equation [3], depend 
on the variations of M,, M,, and H,,. Integrating in Equation 
{11] further by parts there follows 


« V 


Eh’ or 10 
12 
r+ | (m, vM, by 


l 2 
oy y 


5 dz 
mw + ») 
dw =-:12(1 + ») 
+} a,’ ns 
E + ShE J 


lw w] 6V, tas | {13] 


Equation [13] is the fundamental relationship of the present 
theory. From it follow the differential equations of the theory 
which hold in addition to the equilibrium equations and also the 
“natural” boundary conditions of the problem, which under the 
assumptions made are either stress or displacement boundary 
conditions. 

The stress boundary conditions, which make the variations in 
the line integral vanish, are 


The displacement boundary conditions are 


ow 12(1 + ») 


= 


There are to be prescribed either Equation [14a] or Equation 
{15a], either Equation [146] or Equation [15d], and either 
Equation [14c] or Equation [15c]. The significance of Equations 
{14] is evident. The same is true for Equation [15c]. Equa- 
tions [15a] and [15b] indicate that, due to the effect of shear 
deformation, normal and tangential line elements in the middle 
surface do not remain perpendicular to the linear element which 
was before deformation perpendicular to the middle surface. 

The double integral in Equation [12] is equivalent to three 
differential equations. They are, if the first two are solved for 
M,and M, 


(av, _ vh} | 
Eh (M+ 10(1 — ») 


12 —»)[ _ | 
Eh 1011 — ») 


In addition to the three equations just given for the six un- 
knowns M,, M,, H,,, V2, V,, w, there hold the three equilibrium 
Equations [3] ond [6]. rm its present form, this system of equa- 
tions is not readily solved. It will next be shown that it can be 
transformed in such a manner that the way to its solution is clear. 
The first of the equations in its final form is the equilibrium 
Equation [6] 


WW, vh? 
5 de 10(1—») 


hav, h? 


5 dy 10(1 — 3 ox? 


Equations [II] to [IV] will be used to determine M,, M,, He, 
when V,, V,, and w are known. From Equations [II] to [IV], 
there is next derived a system of two equations for V,, V,, and w. 
According to Equations [3], V, and V, are combinations of 
derivatives of M,, M,, and H,,. In view of this, there follows 
from Equations [I] to [IV], by differentiation and combination 


a 
dz dy 
= —(— +>— ).. (168) 
oy? oz 
12 
: 
I 
ox oy 
By means of Equat Wee 
3 
; 
A 
— 
| 
i 
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h? h? dp dAw 
h? h? op 
AV, + 10d —» dy =— .. [VI] 
In the foregoing equations 
Eh’ 


Equations [I], [V], and [VI] may be solved simultaneously for 
V;, V,, and w. Once this is done the stress couples M;, M,, and 
Hy, are obtained from Equations [II] to [IV] without further 
integrations. The equations of the standard theory of thin 
plates are obtained by disregarding on the left of Equations [II] to 
[VI] all but the first terms. The possibility of satisfying three 
instead of two boundary conditions in the present theory derives 
from the presence of the AV terms in Equations [V] and [VI]. 

Introduction of Stress Function. Considering now Equations 
[I] to [VI] when p = 0, it is seen that Equation [I] can be satis- 
fied by means of a stress function x 


ox 
7 
V; dy {17a} 


Substituting Equations [17] in Equations [V] and [VI] these 
may be written in the form 


re) h? re) 
= —— (DAw)......... 1 
ax) 5, (P [18a] 
h? 
= (. 10 Ax ) dy (D Aw) [18b] 


Equations [18] are Cauchy-Riemann equations for the functions 
Daw and x — h?/10 Ax. Consequently, with two conjugate har- 
monic functions ¢ and y, there is obtained 


h? 
paw—i(x ay) = o+ = f(x t+ iy) ....{19] 


10 

From 

there follows 

where y; is the general solution of 
h2 


Thus the stress function x is a combination of a harmonic func- 
tion and of a function defined by Equation [22]. And if the 
harmonic contribution to x is taken as the imaginary part of a 
complex function f(z + iy) then D Aw is the corresponding real 
part of the same function f. 


From 


it follows further that w itself is a biharmonic function, the same 
as in the classical theory of plates without surface loading. 
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Once the solution of the homogeneous system of equations is 
found, it is only necessary to obtain a particular integral to take 
care of the load function p. 

The fact that in this formulation of the problem the only 
differential operators which occur are the invariant operators A 
and A — 10/h* indicates that explicit solutions of the theory may 
also be found in terms of plane polar and elliptical co-ordinates. 

Before doing this, there will first be discussed, as an example 
of the scepe of the theory, a relatively simple example of a plate 
problem with rectangular boundary. 


TORSION OF A RECTANGULAR PLATE 


A rectangular plate of length 2/ and width ais considered. The 
two sides y = + a/2 are free of stress while the twosectionsz = +! 
are assumed to rotate without distortion and to be free of normal 
stress. The condition of distortionless rotation means that line 
elements perpendicular to each other before deformation remain 
so after deformation so that along the rotated end sections 


i = —i,’. With this stipulation, the boundary conditions, 
Equations [14} and [15], become 
{24a} 
r= iv, [24] 
[24c} 
[25e 
To satisfy Equation {24a] let 


As it is expected that the stresses will come to be independent 
of z and odd in y, the solution of Equation [V] is taken in the 
form 


V, = A sinh 


and as V, vanishes all along the edges, the solution of Equation 
[VI] is taken as 


[28 
From Equations [II] to [IV] follows then 
(29 
H,, = —j7= A cosh V10y —(1—v)D6....... [30) 
V10 h 


As yet unsatisfied is the boundary condition, Equation [25b). 
Substituting Equation [30] in Equation [25b] 


(1 — ») 


A= 


The only nonvanishing stress couples and resultants are then 


cosh (-V10y/h) 

H,, = (1 —»)De —1]...... [82] 
= (x/100/2h) | 

sinh (/10y/h) 


‘ 
5 
4 
a 
i 
) 
q 
: 
4 
| 
ar 
10y 
[27) 
h 
| 
{31} 
F 
q 
: 
. 
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From Equations [32] and [33], there are obtained the values 
of the shear stresses by means of Equations [1] and [2], sub- 
stituting the value of D and the relation EZ = 2(1 + »)G 


cosh (~/10y/h) 
— 1 — cosh 


According to customary thin-plate theory, corresponding ex- 
pressions for the stresses would be 


Ty = — Goh = 
except at the edges y = +a/2 where the stresses r,, may be 
assumed to become infinite in such a way as to be equivalent to 
concentrated forces. 

In the present theory, according to Equations [34] and [35], 
the stress r,, is substantially constant over the width of the plate, 
except near the edges y = +a/2 where it decreases to zero within 
a distance of the order of magnitude of the plate thickness h. 
The stress r,, has its largest values when y = +a/2 and drops 
down nearly to zero values a distance away from the edges y = 
+a/2 which is again of the order of magnitude of the thickness h. 

The results of Equations [34] and [35] may be compared with 
the results of the Saint Venant torsion theory, and the agreement 
is remarkably close even for plates so thick that the designation 
“plate” is no longer appropriate. 

Taking first the case of a square cross section, there follows 


h h 
(0, = 1.21 
a=h (36] 


= 1.45 G0; 


In the exact theory, the numerical factors would be equal to each 
other and have the value 1.35 (7). It is of some interest to 
note that the average of the two values, 1.33, is remarkably 
close to the exact value. If one did not know the exact value, it 
would have suggested itself to consider this average as the true 
approximation rather im either one of the values i in Equation 
(36). 

For a plate twice as ih as thick, there results for the maxi- 
mum shear stress 


h h 
a= 2h, ry (0,4) = 1.83 {37] 
which differs by less than 2 per cent from the exact value 1.86. 
The limiting values of the stresses for very large values of a/ 


are tz, (0, h/2) = 2 GO (h/2) and 7,,(a/2, 0) = 1.58 Ge(h/2). 
An expression for the resultant torque is obtained from 


T= ft, [38] 


a a a 
2 2 dH 2 
= => 
yV y =0 H, dy... .{39] 


As 


it follows that, as in the exact theory, the stresses r,, and r,, 
contribute in equal measure to the value of 7. With H,, from 
Equation [32] 


10a 2h 


The values of &,, according to Equation [40] compare with the 
exact values of k, and the values of k, according to customary 
plate theory as follows: 


T = —k,Goh*a, ky = ak tans [40] 


a/h 1 2 

ky 0.139 0.228 0.333 
k, ez 0 1406 0.229 0 333 
knw | 0.333 0.333 0.333 


For values of a/h which are larger than three, k, of Equation 
[40] becomes (?/;) (1 —.63 h/a) which is a well known approxima- 
tion formula. 


Potar-Co-OrDINATE SOLUTIONS OF EQUATIONS OF THE THEORY 


Introduction of a stress function, according to Equations [17], 
and the subsequent integration of the system of equations in 
terms of the functions ¢, ¥, and y, as defined by Equations [19] 
to [23], inclusive, indicates the way to obtain explicit solutions in 
polar co-ordinates r, 6. 

The shear-stress resultants are now expressed in terms of the 
stress function x as follows 


1 Ox 
[415] 
r 
As before 
and 
where ¢ + iy = f(x + iy) and now 
OW 1 OW 
For D Aw may be written 
Daw = Ay + + Ay + Bolnr. . [42] 
sin n6 { 


n=l 
The conjugate of this is 
sin n@ 
Y= > + Be... . [43] 
n=1 \ 


Suitable solutions of Equation [22] are 


In Equation [44], 7, and K, are the modified Bessel functions (8). 
The functions 7, become rapidly large for large values of their 
arguments, while the functions K, become rapidly small for 
large values of their argument. For small values of the argu- 
ment, J, stays finite and K, becomes infinite. 


2 
h/2 
= 
: 
i 
| 
a 
x 
J 
n=J 
|_| 
4 
i 
4 
ice 
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Equation [42] is integrated to 
> no 
sin né 


n=2 


{ Eyr + 14 4,*r3 + rinr} 


+ {Eo + Folnr + Ag*r? + Bo*r?Inr}... [45] 


The starred constants depend on the unstarred constants as 
follows 
A B 
A.  4(1 —n) 


4(n + 1)’ 
Ar B, [46] 


For each term in the trigonometric series, Equations [43], 
[44], and [45], there are six constants of integration, so that 
three boundary conditions can be satisfied along both edges of a 
circular ring plate. 

In order to evaluate the foregoing solutions, it is necessary to 
obtain expressions for the stress couples M,, Me, and Hye, which 
correspond to Equations [II] to [IV] for M,, M,, and H,,. 
This rhay be done as follows: Observe that, in Equations [II] 
to [IV], the shear-stress resultants V, and V, occur in the same 
manner in which the displacement components u and v occur in 
the components of strain e,, ¢,, y:,- This suggests that, in the 
equations for M,, Mg, and Hy», the quantities V, and Ve may 
* occur in the same manner in which radial and circumferential 
displacement components occur in the expressions for er, «9, and 
yr. The correctness of this statement may be proved by de- 
riving the equations of the theory directly, introducing curvi- 
linear co-ordinates before applying Castigliano’s theorem. 
This calculation is omitted in the present paper. 

Equations [II] to [IV] then have he following analogues in 
polar co-ordinates 


h ph? low 12% 


O*w 
. 


2 (128) 


Substituting the stress function x from Equations [41], there 
may be written, for the case of absent surface loads 


Ow vow v Ow h? 0 1 Ox 


h? | 1 ox 
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The foregoing results permit a number of applications to prob- 
lems involving circular boundaries. Two of these are made in 
what follows. 


BENDING AND TWISTING OF AN INFINITE PLaTe WitH CiRcULAR 


The solution of these problems by means of classical thin-plate 
theory has been given by Goodier (5). They have been in- 
vestigated by Bickley (9) as problems of the theory of moderately 
thick plates. Experimental results (10) have confirmed the re- 
sults of thin plate theory for a hole diameter plate thickness ratio 
of about seven. Taking first the case of plain bending, the bound- 
ary conditions in the present theory are 


r= +o; M, = =0,V, =0...... (47a, b, c} 
y= +0; M,=0,H,, =0,V, =0........ [48a, b, 
r=a; M,=0,H»=0,V,=0........ [49a, b, 


Instead of Equations [47] and [48], there may be written 


M, = My cost = My [50a] 
r= eos 20 

[500] 


The conditions at infinity suggest that the following expressions 
for w and x be taken 


Dw = Ey + Folnr + Ao*r? 
+ cos + + By*).. [51] 


x = sin 20[By~* + = 


From Equation [52] there follows for the shear-stress resultants, 
with, according to (8) 


dK, n 
dé 00068640 % 66666 [53) 
10 2 20 
r 06 


+ bal rate +5 KO 


For the stress couples, there results after some calculations 
M, + v)Ao + (1 v) 
+ cos 26[(—2(1 — v)E, — vByr~2 — 6(1 — v) Fr 
12B, 12K3() 4K,(£) 
Me = —(1 + »)Ao— (1 —») For 
+ cos 26[2(1 — v)E,— + 6(1 — 4] 


| 
+ cos 28 + | 


+ cos 2 | — 


Hy = 2(1 — pv) sin + 


12B | 4Ki() 
— sin 26 | + bal + + } 


A B 
Bo + Ao Bo 
4 4 
} 
— —......152) 
= | 
V 
j 
4 
; 
® 
4 
Hw = — (1 
3 
5 
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Substituting Equations [54], [56], and [58] in the boundary 
conditions, Equations [49], and [50], and with the notation 


the following expressions for the constants in Equations [51] to 
are obtained 


Fy = — [62] 

Kx(u) + Koln) 


1 
+ Kolw) 


+ - Ki) + Kolw) 


1 


The stress-concentration factor of the problem is obtained 
from the value of the tangential edge stress couple 


3 
2 (1 + v)K2(u) — Ko(u) 


M 
=1 — 5 c0s 20 1+— | ... [66a] 
= + v)K2x(u) + Kou) 
The value of this function is greatest for @ = 2/2 
$(l +r) 
(. Ty 2 + 2 (1+ 


+ Ko(u) 


For large values of p» = / 10a/h the following asymptotic ex- 
pressions for Kz and Ky may be used (8) 


Hence 


which is in agreement with the result obtained by means of 
standard thin-plate theory (5, 6). 

For small values of » the function Ky 
becomes infinite of a higher order than the 
function Ky and consequently 


Ky ( 
2M 
Vo=— sin 20 


PURE [TWIST | 
\ \ | | 
Ke S—\_ | PLAIN BENDING 
| 
| —-, 
| CUSTOMARY PLATE! THEORY 
| 


Mo 
I 2 3 a 5 6 7 


Fig. 2. Srress-CoNcENTRATION Factors AND EpGEe SHEAR-STRESB 
Resvu.Tant Versus Ratio or HoLte DIAMETER TO PLATE THICKNESS 


It is noteworthy that in the limit of vanishing hole diameter the 
value of the stress-concentration factor in bending becomes al- 
most twice as large as in the limit of vanishing plate thickness, 
and moreover equal to the value of the stress-concentration factor 
in plane stress. 

For intermediate values of a/h the value of kg has been calcu- 
lated by means of tables for the functions Kz and Ko, (8). Fig. 2 
contains a graph of kg versus 2a/h. It is seen that even for holes 
3 times as wide as the plate is thick the value of kg, according to 
the present calculations, is still more than 10 per cent greater 
than the value obtained by the application of standard plate 
theory. 

That taking into account the shear deformability of the plate 
leads to higher values of the stress-concentration factor than not 
taking into account this effect becomes physically evident when 
it is recognized that the assumed loading condition of the plate 
would lead to independent states of plane stress in every layer of 
the plate for an ideal orthotropic material offering no resistance 
to the transverse shear stresses trs, 79:, that is; for a material 
for which G,, = Ge, = 0. In contrast to this the results of the 
customary theory may be thought of as exact results for a mate- 
rial for which G,, = Ge, = ~. 

Relatively simple expressidns are obtained for the shear-stress 
resultants V; and Ve, by substituting the constants B, and D, in 
Equations [54] and [55] 


= — cos 20 


2 h h 


. . [69] 


- (70) 


% 
| | | | re 
| 
| ] 
| 
| 
| 
7 1 
3 
lim kg = + -=——............ [68a] 
a/h-> 2 23+» 
a/h->0 2 2 2 h h aS 
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For large values of a/h, for which the first terms of the asymptotic 
expressions of K; and Ko may be used, this reduces to 


4 M _¥100 _ 


Ve = 
34 (2) Oh e ) 
[72] 
Letting r = a + nh and consequently exp E we (: —1 
a 


= exp (— +/10n), it follows from the asymptotic formulas for 
V, and V¢ that, for very thin plates and for a distance of the 
order of magnitude of the plate thickness away from the edge 
of the hole, the shear-stress resultants have the values 


These expressions coincide with the expressions which according 
to the standard theory of thin plates hold throughout the plate 
(5, 6). 
Comparison of Equations [71] and [73a] shows that the re- 
sultant V, increases from its true edge value zero very rapidly 
4M 9 COS 20 
to the edge value 3+ 
Also noteworthy is the behavior of the function representing 
Ve. From Equation [72] it follows 


4M, sin =| V/10 (74) 


(3 + va 


This shows that, in the present theory, the edge value of Vg is 
of opposite sign from the value according to Equation [73b]. 
Moreover, for thin plates, Vea, @), according to the present 
theory, is of an entirely different order of magnitude than ac- 
cording to the usual plate theory. For given plate thickness, its 
value no longer decreases with increasing hole diameter. Sub- 
stituting 


6M, 3 
h? ’ 726 (« ru 0) Qh Ve («, ") 


there results for’ the maximum transverse edge shear stress 


of thin plate theory. 


h <a, Veo (a, 6) = 


Thus with transverse-shear deformation taken into account, 
there are portions of the plate where the transverse shear stress is 
of the same order of magnitude as the primary bending stress oo, 
no matter how thin the plate may be. 

From Equation [70] there follows for the variation of edge shear 
with diameter-thickness ratio 


M K 
2 K2(u) + Kolx) 


which compares with the constant value —4M)/(3 + »)a, ac- 
cording to the standard theory. Fig. 2 contains a graph of this 
function. 

Plate Subject to Pure Twist. The results for this case may be 
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obtained from the preceding results by superposition of a state 
of plain positive bending about the y axis, as given, and a state of 
plain negative bending about the z axis. Hence, for pure twist, 
every stress and displacement quantity f,7 is expressed as follows 
in terms of the corresponding quantity fg for plain bending about 
the y axis 


Sr(r, 0) = fx(r, 0) — fe (. 6— 4 [77] 


9 

From Equation [66] it follows 

3 

(1 + ») Ke(u) — Ko(u) 


Mela, 


1 
> (1 + v)Ke(u) + Ke(u) 


Values of kr as function of the ratio 2a/h are plotted in Fig. 2 
Limiting values of ky are 
1+ 3» 


which agrees with the result of standard thin-plate theory, and 


which is the same value which occurs when adjacent layers of the 
plate can slide freely with respect to each other. It is evident 
that, for the twisted plate, the effect of transverse shear de- 
formability is still greater than the same effect for the plate 
subject to plain bending. 

Inspection of Equations [69] and [70] reveals that the trans- 
verse-shear-stress resultants for the plate subject to pure twist 
have exactly twice the magnitude of the corresponding stress 
resultants for the plate subject to plain bending. Consequently, 
the value of the maximum transverse shear stress is now 


4 


where oo now represents the undisturbed maximum shear stress 
parallel to the plane of the plate. 

Remarks on Further Stress-Concentration Problems. It is appar- 
ent that, by an application of the general results of the present 
paper, still further stress-concentration problems may be solved, 
for which there will be significant deviations from the results 
obtained by means of the classical plate theory. Of these may be 
mentioned (a) the plate subject to uniform transverse shear at 
infinity and the couples necessary for equilibrium (5, 6); (6) the 
same problems for a plate with rigid or elastic circular inclusion 
(6); (c) the same problems for a plate with circular hole rein- 
forced by an elastic ring; (d) the plate with elliptical hole (5, 6). 
For this the additional problem arises to calculate the solutions 
of the equation 


Ay — (10/h*)y = 0 


in elliptical co-ordinates which take the place of the modified 
Bessel functions in the solution for the polar co-ordinate system; 
(e) a circular plate with a small hole at the center and a linear 
(hydrostatic) load distribution. 

Remarks on Accuracy of Solutions of Stress-Concentration Prob- 
lems. It is not possible to make with certainty statements re- 
garding the accuracy of the numerical results obtained. The 
results are as accurate as it is possible under the assumed variation 
of stress over the thickness. For the problem of torsion of a 
rectangular plate, comparison with the known exact solution 


N 
2 
4 Mo a 
vr r 
3 
Ve = —— — sin 
3+ fr r 
7 
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indicates a surprisingly high degree of accuracy of the result here 
obtained. For the problem of the plate with the circular hole, 
such a comparison is not possible as the exact solution of the three- 
dimensional problem is not known. A way to determine the 
accuracy of the present solutions would be the following: In- 
stead of the linear bending-stress distribution take a more general 
expression for the bending stresses containing third powers of the 
thickness co-ordinate z. Determine the corresponding trans- 
verse shear and normal stresses and again apply Castigliano’s 
theorem. If the more accurate results thus obtained are in good 
agreement with the results based on the linear bending-stress 
distribution, those may be assumed to be final from a practical 
point of view. However, the author would like to state as his 
belief that the present results regarding stress-concentration 
factors and transverse shear forces are such that a more accurate 
analysis would indicate changes in values which are no more than 
20 per cent of the difference of the values obtained here and the 
values obtained from standard thin-plate theory. Thus, if 
the standard plate theory gives a value of 1.5 and the present 
theory a value 2.0 then it is believed that the actual value lies in 
between 1.90 and 2.10. 

A version of the contents of the first third of the present paper, 
which differs formally from the present version, together with 
the discussion of some points not considered here, in particular, 
the relation of the present results to the theory of moderately 
thick plates, has been published elsewhere (11). 
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Distribution of Tooth Load Along a Pinion 


By H. PORITSKY,! A. D. SUTTON,? ano A. PERNICK! 


The distribution of load along a spur gear and pinion 
or among the teeth of a helical gear and pinion is of great 
interest in the design and performance of gears. If the 
load is unevenly distributed, certain parts are not carrying 
their due share of load, while the resulting concentration 
of load elsewhere may result in local failure. This paper 
is concerned with the calculation of load distribution, and 
the analysis of the factors responsible for the character of 
this distribution. 


1 INTRODUCTION 


T IS assumed in the paper that perfect geometrical cutting, 
assembly, mounting, and fit of the gears to be studied have 
been secured, so that under a very light load perfect contact 

obtains between the pinion teeth and the gear teeth. For a spur 
gear, the contact is along lines parallel to the axes and running 
the whole length of the tooth surface. Suppose now that a torque 
L is applied at one end of the pinion shaft while the gear is held 
stationary. The problem is to analyze the ensuing deflections 
and distortions and determine the resulting distribution of the 
load. For a helical gear and pinion, contact at no load occurs 
over a series of parallel oblique lines, each one representing the 
contact of a pair of mating helical teeth. To the inequality in 
the distribution of load along a spur-gear tooth now corresponds 
an inequality in the distribution of load among the various teeth 
of helical gears in addition to the variation in the load distribu- 
tion along the contact line itself. 

The problem under consideration involves a great many factors 
and certain simplifying assumptions are first introduced to render 
the problem tractable. Several of these assumptions are later 
relaxed, one at a time, and the effect on the previous conclusions 
is examined. 

For simplicity, we shall assume throughout the following that 
the distortions of the gear shaft, of the tire, and gear ribs or 
plates, by means of which the tire is attached to the shaft, are 
negligible. We consider only the bending and twisting of the 
pinion shaft and the deflections of the gear and pinion teeth 
relative to their bases under the load and torque transmitted. 
It is convenient, however, to transfer the flexibility of the gear 
teeth to the pinion teeth, thus endowing the latter with a flexi- 
bility coefficient which is the sum of the flexibilities of the gear 
and the pinion teeth. With this assumption then, the gear teeth 
will be supposed to be rigid and unyielding. 

A procedure often used consists in assuming a uniform dis- 
tribution of load and a corresponding torque, and computing the 
resulting bending and twisting deflections. Actually, however, 
these deflections tend either to separate the teeth or to crowd 
them in, thus affecting the distribution of the load. A more 
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exact procedure, therefore, would be to consider this change of 
load as a consequence of the deflections without assuming either 
one of the two; this is exactly what is done in the present investi- 
gation. 


2 THe DEFLECTIONS 


Referring to Fig. 1, let P be the point of contact on the pitch 
circle, O the center of the pinion, w the load per unit axial length, 
in pounds per inch, at the point of contact in the direction normal 
to the line PO, this load being applied to the pinion tooth by the 
gear tooth. When w is equal to zero the pinion may be assumed 
to make contact with the gear along a line through the point P 
parallel to the axis of the pinion, the pinion having a zero bending 
deflection, zero torsional deflection, and zero tooth deflection. 


Y=BENDING DEFLECTION OF PINION 

@=ROTATION OF PINION 

8 = TOOTH DEFLECTION, RELATIVE TO BASE 

PINION TOOTH PROFILE, IN CONTACT 
UNDER NO LOAD 

4,*B,= POSITION OF. TOOTH PROFILE AFTER 
PINION BENDING DEFLECTION Y AND 
TWISTING DEFLECTION @ 

Ae By=BENT TOOTH PROFILE, IN CONTACT 
UNDER LOAD 


ScHEMATIC REPRESENTATION OF DEFLECTION OF PINION 
SECTION AND TooTH 


Fie. 1 


As the torque ZL is applied to the right-hand end of the pinion 
shaft, Fig. 2, the pinion teeth become loaded and deflections are 
produced. The load w causes the shaft center of the pinion to 
deflect by an amount y, while the applied torque Z and the trans- 
mitted torque 7 twist the shaft through an angle @, both y and 
6 varying with z, the distance along the pinion axis. The direc- 
tions in which w, y, L, T, @ are measured positive are indicated 
by the arrows in Figs. 1 and 2. If the gear were not there and 
the pinion teeth did not deflect relative to their base, then under 
the assumed load the deflections y and @ would produce a dis- 
placement of the pinion tooth, as indicated by the dotted line 
in Fig. 1, and of the amount 
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Fic. 2 ScHEMATIC REPRESENTATION OF PINION DEFLECTION— 
GREATLY EXAGGERATED—SHOWING ONE TootH ONLY 


where r is the pitch radius of the pinion. Actually the gear teeth 
resist this displacement of the pinion, and if contact between 
the pinion and gear teeth is maintained, the pinion tooth is de- 
flected relative to its base by an amount 6 equal and opposite 
to the deflection ré — y 


6 = 70 — ¥...... 
Transposing, we obtain 


The assumption of maintenance of contact throughout the 
whole axial pinion length, an assumption which underlies Equa- 
tions [1] and [2], is generally satisfied in any properly designed 
and properly mounted gear. Otherwise there would be certain 
idle portions of the pinion not carrying any load. The following 
analysis shows the possibility of contact occurring only over 
part of the axial length in cases of large misalignment, or excessive 
bending pinion flexibility. The occurrence of this condition is 
indicated by the load function w(z) turning negative for certain 
values of x. The modifications to be introduced in the solution 
when this happens are discussed in Section 8. 


3. DeRIVATION OF DIFFERENTIAL EQUATIONS FOR SPUR PINIONS 


In this section the differential Equation [11] is obtained for 
the load distribution w, and for the tooth deflection 6 which is 
proportional to w. This is done by combining the elastic rela- 
tions between the deflections and the load or torque with the 
geometric relation Equation [2]. Equation [11] is a fourth-order 
differential equation with constant coefficients. The boundary 
conditions for its solution are formulated in Section 4, and the 
solution itself is derived in Section 4. Section 5 contains ex- 
amples of this solution. 

Consider the relations between the load on the pinion and the 
resulting deflections. The load w and the deflection of the pinion 
center y at a distance z from the unloaded end of the pinion are 
related by the well-known beam equation 


where EI represents the “bending stiffness” of the pinion, J is 
the moment of inertia of its cross section, and E is Young’s 
modulus. 

The torque T and the angle of twist per unit length satisfy the 
equation 


where GJ represents the ‘‘twisting stiffness” of the pinion, J is 
the polar moment of inertia of its cross section, and @ is the 
shear modulus. 


On the other hand, the torque 7 across any particular section 
at a distance z from the end is counterbalanced by the moments 
about the axis produced by the load w between the end, z = 0, 
and the foregoing section. This can be expressed by the equation 


Differentiating Equation [5] we obtain 
dT 
{6} 
dz 


and, differentiating Equation [4] and eliminating d7/dz from 
Equation [6], 


The elastic deflection 6 of the tooth is due entirely to the load w 
carried by it and will be assumed to be related to it by the equa- 
tion 


where S represents the tooth stiffness, that is, the load which 
will produce a unit deflection. As stated, S takes into account 
the flexibility of both the gear and pinion teeth; it also takes the 
compression at the area of contact into account. 

It is worth pointing out that the twisting stiffness GJ as em- 
ployed is that of a long circular shaft transmitting a uniform 
torque. Actually, the distribution of shearmg stress across a 
pinion section will be different from that of a circular shaft 
transmitting a uniform torque, since the torque gets unloaded 
at one azimuthal point only. For this reason the values of J 
and I would have to be somewhat reduced. This correction is 
difficult to estimate and may form the object of a future study. 
There is also the difficulty of computing the tooth stiffness S 
with any degree of precision. Under the circumstances, it seemed 
best to neglect the corrections in J and J, estimate S from the 
beam theory by approximate methods, and then investigate the 
effect of fractional changes in these values. 

Equations [1], [3], [7], and [8] constitute four simultaneous 
relations between the four quantities w, y, 6, 6. Solving for y, 
6, and w in terms of 6, we obtain 

S 1 rS A, 

pe” ~ GJ p?’ 
where negative powers of p denote integrations with respect to 
z, and positive powers of p denote differentiations with respect 
to z; the constants of integration are implied in the symbols 
p-', p-*, .... Substituting in Equation [2], there results 


1 1 
——1})6=0..... 
GJ p? ET p* 


Operating on both sides with the operator p‘, we obtain the 
fourth-order differential equation in 6 


This is a linear differential equation of the fourth-order with con- 
stant coefficients. 


4 So.ution or DIFFERENTIAL EQUATIONS AND OF BouNDARY 
ConDITIONS FOR GEAR 


The solution of the differential Equation [11] for the deflection 
6 involves four arbitrary constants. After 6 has been found, the 
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integration of Equation [7] for the angular deflection @, and of 
Equation [3] for the linear deflection y, introduces six more 
constants. The total number of constants may thus run into 
ten. The constants in the y can be eliminated by means of 
Equation [1], leaving a total of six constants; these have to be 
determined from the following six boundary conditions which 
apply at the ends z = 0, z = I: 


(a) ore = 0 for x = 0 (zero applied torque) 


6 
GJ = L for xz = 1 (applied torque = LZ) 
(c) y=0 for = 0 (zero deflection) 
d*y 
(d) adn? = 0 for z = 0 (zero moment) 
(e) y=0 for x = 1 (zero deflection) 
f = ( ent) 
(f) or = 1 (zero momen 


where 1 is the axial length of the pinion. 

For the double helical gear the situation is still worse, each 
half involving six constants, and the number of constants may 
rise to thirteen when the axial displacement is introduced. 

By using operational methods it is possible to reduce the 
problem for the spur gear to three constants and that of the 
double helical gear to four. However, the solution still remains 
fairly complex, involving as it does the evaluation of operational 
expressions by means of their residues, third- and fourth-order 
determinants, and lengthy calculations with complex constants. 
It behooves us, therefore, to proceed carefully in order to mini- 
mize the number of constants to be handled at a time. 

The differential Equation [11] can be written in dimensionless 
form 


8) — + BS = {13] 
where 
a = 
8 = SI‘/EI - {14] 
the variable £ is defined by 


and ’ denotes d/dé. 
mined by means of 


From 6 the quantities r@ and y are deter- 


(see Equation [9]). At the same time, the boundary conditions 
Equations [12a and b] can be written 


(r6)’ = Ofor [18] 
~ = fo'sdt = L’,L’ = L/Sir........ 


To minimize the number of constants to be handled at a time, 
it will be advisable to discuss separately solutions of Equation 
[13] which are “‘even” about the mid-point = 1/2, that is, for 
which f(t) = f(1 — £), and solutions which are “odd” about 
that point f(t) = —f(1— &). For each one of these types, the 
conditions of Equations [12e and f] can be satisfied; on the other 
hand, Equations [12a and 6] can be satisfied only by the sum of 
the even and odd solutions. 
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The solutions of Equation [13] are linear combinations of the 
exponentials 


where the )’s are the roots of 
— at? + B = 0 (AX = wt (21) 


It was found that, for the ranges a, 8 of interest, the roots \* 
of Equation [21] are complex, and hence that the four roots 
\ are symmetrically situated about the real and imaginary axes 
(see Fig. 3). We shall denote by d the root in the first quadrant 
(u > 0,» > 0); the other three roots will be —A, —\; where 
the notation a denotes ‘‘conjugate of a.”’ 


>! 


Fic. Roors or Equation [21] 


From Equation [21] follows 


The general solution of Equation [13] which is even about 
= '/; is 


f = R(A cosh Ag’), & = E— (23) 


where A is an arbitrary complex member and R denotes ‘‘the 
real part of.” The general solution which is odd about & = /; is 


where B is an arbitrary constant. 

The even solution cérresponds to the case where the pinion 
is torqued up in the same direction at each end by a torque of 
the same magnitude; this will be chosen to be L/2 (see Fig. 4a). 
It is evident that for a pinion so loaded the angular deflection 
6 as well as the bending deflection y may likewise be assumed to 
be even in é’. Application of the total load condition Equation 
{19] in the form 


leads to 


A 2 
2R sinh =~ ai ~ 26 
However, as indicated in Fig. 4(a), this load is applied by means 
of equal torques L/2 at each pinion end, and the conditions of 
Equations [18] and [19], regarding the slopes d(r6)/dé, are not 
satisfied; in their place the conditions 


will be seen to hold. 
Double differentiation of Equation [2] and utilization of 
Equation [16] yields 


q 
” [ 
: 
(r0)’ = + —att = ee [27] 
” 
te 
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R (A COSH R(B SINK AE) 
(a) (b) 
Fia. 4(a) 


Fria. 


EVEN SOLUTION OF EquaTION [13] 


Opp So.vution or Equation [13] 


and hence Equations {12d and f] can be put in the form 
as — 6" = Ofort =1........... (29) 
Applying Equation [29] to Equation [23] leads to 


= 
R E (a — \*) cosh 4 = R cosh = 0... (30) 


Equations [26] and [30] serve to determine a and a’ and hence A. 


Integration of Equation [16] for the even sulution Equation 
{23} yields 


6 
= R cosh + const.......... 
a B 


It is clear that this constant was not required for the determina- 
tion of A. Its value can be found from the conditions 


which are obtained at — = 0, — = 1 from Equations [12c], [12e], 
and [2]. Application of these conditions yields 


Turning to the odd solution Equation [24] we obtain, by 
applying Equation [29] 


R Gs sinh [34] 


For the deflection ré@ there results 


si ‘ 
ro R ( rE 


) + const —’.......... [35] 


and determining the constant so that Equation [32] is satisfied 


ra=R E (: sinh Ag’ + sinh | — 


Imposing the condition of equal and opposite applied torque 
L'/2 at each end, as shown in Fig. 4(b) 


, 


1 L 
— (r0)’ = — ate = 0, 1).............. [87] 
a 2 


one obtains 


R E (J cosh sinh 3) | [38] 


This and Equation [34] serve to determine B. 

The choice of the applied torques of Figs. 4 (a and 6) is ob- 
viously such that from the superposition of the even and odd 
solutions there results the physically pertinent case of a torque 
L applied only at the end z = l, while the other end, z = 0, has 
no torque applied to it, so that both Equations [18] and [19] 
hold. Hence after the values of the coefficients A, B have been 
found in the foregoing even and odd solutions, the sum of the 
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two latter yields the complete value of tooth deflection 4, as well 
as angular deflection ré@ 


6 = R(A cosh Xt’ + B sinh XE’).......... . [39] 


(r8) = + &(d, — &) + 1X2(A cosh \é’ + B sinh 


The corresponding bending deflection y can then be found by 
means of Equation [2]. 
In numerical cases, it is convenient to put 
L 


and solve for A, B. The resulting 6 then satisfies the condition 


and represents the ratio of the true 6 to its mean value or again, 
the load-concentration factor, that is, the ratio of the load w to 
its mean value. For this reason we denote it also by 


wy = w/ So ss [43] 


The true deflections 4, ré, y in inches, corresponding to a specific 
torque L, can then be found by multiplication by L’. 

It is interesting to point out that L’ denotes the constant tooth 
deflection if the load were uniformly distributed. 

Examples of the foregoing for specific values of elastic and 
geometric constants are given in the next section. 


5 EXAMPLES OF SPUR PINION 


We shall now illustrate the applications of the equations of the 
preceding section by means of two specific examples. While 
the geometric and elastic constants as well as the load in these 
examples and in the examples of Section 7 are of the proper order 
of magnitude, they were chosen primarily for illustrating the 
necessity of keeping the pinion length and flexibility balanced 
against the tooth flexibility. These conclusions are discussed 
in detail in Section 10. 

Example 1. Consider a hollow spur pinion having the follow- 
ing dimensions and elastic constants: 


Pitch diameter 2r = 17.47 in. 
Axial length l = 58 in. 


EI = 10.143 X 10" in.? Ib 
GJ = 8.115 X 10" in.? Ib 
S = 2.639 X 106 Ib/in.? 
Load L = 5.2 X 108 in.-lb 


Substituting in Equation {14] there results 
a = 8.349, 8 = 294.43 
\ 
and solving the algebraic Equation [21] for \2, » 


\? = 4.175 + 7 16.643 
A = 3.266 + 72.548 


The hyperbolic functions cosh (A/2), sinh (A/2) of the complex 
argument /2 are evaluated from the expansions 


cosh(z + iy) = cosh x cos y + sinh z sin y.... [44] 
sinh(z + iy) = sinh z cos y + i cosh zsin y...... [45] 
leading to 


cosh(/2) = cosh(1.633 + i 1.274) = 0.7773 + i 2.3543 
sinh(A/2) = sinh(1.633 + 7 1.274) = 0.7201 + 72.5411 


; 
| 
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8, 
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The constants A = a + ia’, B = b + 7b’ are determined from 
the four Equations [26], [30], [34], [38], of Section 4, which 
under the assumption of Equation [41] (L’ 1) become 


R sinh (A/2)] = (47] 
R [A xsinh (4/2)] = 8/2 = Ad/2........ 48] 


R E (x cosh (A/2) + sinh = V/ 8 2. [49] 


Substitution in Equations [46], [47] yields 


a’/a = —13.65, b’/b = —32.92 


and substitution in Equations [48], [49] yields 
a = 0.0884, 6 = 0.0158 

and hence 

A = 0.0884 — 71.207, B = 0.0158 — 7 0.520 . 
Finally, substituting the values of A and B in Equation [389] and 
remembering that L’ was assumed to be equal to 1, we obtain 
for the load-concentration factor 
5/L’ = R{ (0.0884 — 7 1.207) cosh [(3.266 + 2.548)é"] 


+ (0.0158 — 7 0.520) sinh [(3.266 + 7 2.548)£’]} 
0.0883 cosh (3.266 £’) cos (2.548 £’) + 1.207 sinh (3.266 &’) 


x sin (2.548 &’) + 0.0158 sinh (3.266 &’) cos (2.548 &’ ) 
+ 0.520 cosh (3.266 &’) X sin (2.548 &’), = 


This is plotted as curve I in Fig. 5. In order to obtain the 
actual deflection 6 corresponding to the given load of 


L = 5.2 X 105 lb-in. 
and 
L’ = L/Slr = 3.89 X in. 


the foregoing values of wy, A and B were multiplied by L’ 
and the resulting 6-curve plotted in Fig. 6, which also shows the 
deflections r@ and y obtained from Equations [40] and [1], re- 
spectively. 

It will be noted that the load-concentration curve (curve I 
in Fig. 5), shows a relatively idle portion in the middle of the 
pinion and load-concentration factors as high as 4.24 and 1.58 
at the ends. This indicates an undesitable condition which 
would be avoided in actual design. This pinion is too long and 
flexible in bending for its tooth stiffness. 

Example 2. Using the same notation as in Example 1, let 


LOAD FACTOR W¢=ACTUAL LOAD / AVERAGE LOAD 
#=PINION FACE LENGTH 


CURVE I - EXAMPLE |, SECTION 5 
CURVE I - EXAMPLE 2, SECTION 5 
AVERAGE ORDINATE OF CURVESI 
(CORRESPONDING TO A UNIFORM LOAD) 
| 
| I 
| | | 


| | 


o[FREE_END TORQUED END 

2 4 6 Re) 

+—2£ + + 

| 
Fic. 5 DisrrisputTion or Loap IN Spur PINIONs 
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0016 
DEFLECTIONS FOR EXAMPLE |, SECTION 5 | 
FOR A LOAD L+5.2X 10° ce. 


8- TOOTH DEFLECTION 
18- TWISTING DEFLECTION | | | | 
ootet y- BENDING DEFLECTION | | | 
| | | 
w | 
S ooiol 
z | | 
2 | | | 
° 
| | 
| 
| 
fe) it | t 
2 6 1.0 
Fic. 6 IN Spur PINION 
r= 2.30 in. 
Ll = 6.33 in. 
EI = 193.46 X 108 in.? Ib 
GJ = 155.38 X 108 in.? Ib 
S = 2.639 X 108 lb/in? 


The load-concentration factor wy is shown in Fig. 5, as curve I. 
The maximum load concentration in this example is much less 
than in Example 1. 


6 Dovusie HeticaL Gear aNp Pinton: Errecr or Axtal 


DIsPLACEMENT 


The case of a helical gear is complicated by the appearance of 
axial displacement. Indeed, the torque is generally transmitted 
to a helical gear in such a fashion as to allow the pinion complete 
freedom of displacement in the axial direction. This displace- 
ment will cause the pinion teeth on one side of the herringbone 
to part with the corresponding teeth of the gear, and over the 
other half to press up closer against them. If h is the axial dis- 
placement and y the helix angle, then (neglecting the pressure 
angle ¢) Equation [2] should be modified by introducing an 
equivalent displacement Ay of the amount c = h tan y for one 
half of the herringbone and —c = —A tan y for the other half. 
Equation [2] will be replaced by 


Application of Equation [9] now leads to 


p? $= #e........... (5 


in place of Equation [10], and further application of p* estab- 
lishes the same Equations [11] and [13] as in the spur-gear 
case. Only the boundary conditions turn out to be different 
and involve c. 

The axial displacement takes place in such a way that the 
axial thrust on one half of the pinion is equal and opposite to 
that thrust on the other half. In case of no friction, the axial 
force per unit axial length is given by 


hep 


and the condition of equal and opposite thrusts on each half of 
the pinion leads to 


.. (53] 


= fi} 


Ss. 

~ 

ay 
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From geometric and equilibrium considerations it is clear that 


both y and (7@) are continuous at & = !/s, &’ = 0, hence from 
Equation [50], it follows that 6 is discontinuous at & = '/, by 


the amount 2c. Also, y’ and ré’ are continuous functions for 
all values of & and differentiation of Equation [50] on each side 
of = shows that 6’ is continuous at = = 0. Exami- 
nation of Equations [14], [50], and of the equations obtained by 
differentiating them shows the following discontinuities 


Discontinuities at &’ = 0 


=2 = 0 

Asi’ =0 A(ré)’ = 0 
= 2ca = Zac 

Aé’"’ = 0 } 


Investigation of the various boundary conditions shows that they 
still apply with the exception of Equations [82] which are re- 
placed by 


(rA)o = +, = 6, . [55] 


As in Section 4, 6 is broken up into two solutions,eone even 
in &’, the other odd; in fact, the same even solution will be 
chosen since all the new features (involving c and the discon- 
tinuities) can be satisfied by the odd component. It will be 
noted that this even component of 6 ean be made to satisfy 
Equation [53], though not Equations {55}. 

Turning to the discontinuities Equations [54], it will be ob- 
served that they are satisfied by the function , 

6 = =R(C cosh Xe’) for 20, C =c + ie’ ..- (56) 
for a proper constant C. Indeed, this makes 6’, 6/”’ 
at £’ = O and leads to 


continuous 


= 2R(C) = C+ C = 2 
= 2R(Cdr*) = Crd? + Cr? = 2ca 


Solving for C 


cie2i arg \ 
ic cot (2 arg A) 
sin (2 arg X) 


= — i [58] 


where ‘‘arg \’’ denotes the angle between \ and the axis of reals, 
and “I” reads “‘the imaginary part of.” It will be noted that 
Equations [56] is odd in &’. 

Having taken care of the discontinuities, Equations [54], we 
add to the right-hand member of Equation [56] the general 
continuous odd solution of Equation [13] obtaining 


= R(B sinh Xt’ = C cosh XE’)........... 


Since this is odd in &’ Equation [53] could only be satisfied when 
both integrals are equal to zero, that is 


So? R(B sinh + C cosh = 0....... [60] 
whence 
R B cosh -1)+¢ sinh {61} 


The boundary condition Equation [29] furnishes the relation 


R} B sinh +C cosh [62 | 


With C derived from Equation [58], the last two equations serve 
to determine B. To this end B is replaced by b + ib’ and the 
resulting simultaneous equations solved for b, b’ in terms of ce. 


Substitution of 6 from Equation [16] in Equation [59] leads to 
an expression for the angular deflection (7) 


= R [Bsinh + C(cosh AE’ — 1) J} /8 + const £’.. [63] 
a 
It will be noted that the right-hand member and its derivative 
are continuous at £’ = O and furnish the proper discontinuity 
in (ré)’’, as tabulated in Equations [54]. Determination of the 
constant in Equation [63] to satisfy Equation [55], and sub- 
stitution from Equation [63] in Equation [37] yields, upon 
simplification by means of Equations [58], [61], [62] 


sinh + - = 

2° 

This equation gives the value of c, thus completing the deter- 

mination of B, C, and of the odd part of 6. 

As in Section 4, it is convenient first to put L’ = 1 in solving 

for A, B, C to obtain wy, which is then multiplied by L’ for the 
actual values of 6. 

With c, A, B, C determined the deflections are given by 


‘OS c 
cosh 


5 =‘R[A cosh + (B sinh Xz’ * C cosh XE’) ].... [65] 


a 
= 59 +e + (8 — — 2c)E + 37 [A cosh Ag’ 


+ B sinh = C cosh [ 

As pointed out, the apparent discontinuity in (r@) at & = 1/2 is 
illusory. 

7 Examp.es or Dousie HELICAL PINIONS 


Example 3. Consider a double helical pinion having the same 
geometric and elastic constants and the same load Z as the spur 
pinion in Example 1 of Section 5. This means that the con- 
stants, a, 8, \, are the same as in that example 


a = 8.349 

8 = 294.43 

A = 3.266 + 12.548 
Since the even solutions for spur and double helical pinions 


are identical, the constant A will also be the same as in Example 1 
A = 0.0884 — 7 1.207 


The constant C is calculated from Equation [58] in terms of the 
equivalent axial displacement c 


0.2509)c 


and substitution of A and C in Equations [60] and [61] leads to 
two simultaneous equations in b and b’ (B = b + ib’) 


45.29 b + 1.3766’ = —41.65c¢ 
5.27 b — 8257 b’ —10.448 ¢ 

We 
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Solving for 6 and 0’ in terms of c 


b = —0.940c¢ 
= 0.666 
hence 


B = (—0.940 + 7 0.666)c 


Finally, substitution of A, B, and C in Equation [64] furnishes 
the following value of c 


c = —0.894 
and thus the numerical values of B and C 


B = 0.840 — 70.595 
C = —0.894 + 70.224 


Proceeding as in Example 1, the values of A, B, C, and X are 
substituted in Equation [65] to obtain the load-concentration 
factor 


wy = S/L’ = R[(0.0884 — 7 1.207) cosh (3.266 + 1 2.548) &’ 
+ (0.840 — 70.595) sinh (3.266 + ¢ 0.2548)’ 
+= (—0.894 + 70.224) cos (3.266 + 7 2.548)é'] 


which is plotted in Fig. 7 as curve III. Curve I in that figure 
has been replotted from Fig. 5, for comparison. It will be noted 
that the effect of the axial displacement has been to decrease the 
load on the half &’ > 0 and to increase it on the other half. To the 
right of the middle, the calculated load is negative; in this con- 
nection see Section 8. 

The values of wy were multiplied by L’ to obtain the actual 
deflections 6 for a load of 5.2 X 10® in-lb, and the 6-curve thus 
obtained is shown in Fig. 8. The angular deflection ré@ and the 
deflection y, calculated from Equations [66] and [50], respec- 
tively, are also shown in the same figure. For a helical angle 
¥ = 45 deg the axial displacement h = c cot y is equal to 


cL’ = 0.894 X 3.89 X 10~* = 0.00035 in. 


Example 4. Consider a double helical pinion having the same 
geometric and elastic constants as the spur pinion in Example 2, 
in Section 6. The load-concentration factor is plotted in Fig. 
9 as curve I together with curve II reproduced from Fig. 5 for 
comparison. 


8 NecGative Loap: Errect or MISALIGNMENT AND CUTTING 
INACCURACIES 


One of the load-factor curves in Fig. 5 (curve I) shows a con- 
siderable relaxation of load in the middle, due to pinion bending, 
while the corresponding double helical curve in Fig. 7 actually 
shows a portion of the load to be negative, namely, the portion 
immediately to the right of the middle. Now, obviously, within 
the limits of backlash, a negative tooth deflection 6 and a negative 
load w are physical impossibilities, since the condition would 
amount to a tension between the contacting teeth surfaces. A 
proper correction to the solution is thus indicated. 

Re-examination of the equations of Sections 2, 3 for the spur 
gear shows that where 6 turns out to be negative and numerically 
less than the backlash, Equations [3] to [9] still hold, but Equa- 
tions [1], [2] have to be discarded. In their place the condition 


w=0, 6=0 


applies; this states that there is no load. As a consequence, 
the differential Equation [11] or [13] is itself no longer applicable. 
On the other hand, Equation [5] implies that the torque T 
remains constant over the pinion portion in question. From 
Equations [7] and [3], it follows that over this portion @ is linear 
inz,andyiscubicinz. After Equations (67], have thus been 
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integrated, Equation [2] can be employed to yield the ‘‘clearance” 
or ‘‘gap” between the pinion and gear teeth by replacing 6 in 
it by the negative of the clearance g 


The clearance g, given by the difference between the bending 
deflection and the twisting deflection, should be watched in 
regard to its sign. The moment its sign changes, that is, at the 
point at which g vanishes, the solution of Equation [13] should 
be resumed. Both at the beginning and at the end of the sepa- 
ration interval, the solution of Equation. [13] should be joined to 
the linear @ and the cubic y in such a way as to satisfy the proper 
continuity conditions, namely, that y, y’, y’’, y’’’ as well as 
6, 6’ be continuous. 

A similar correction is due to the space between the right- and 
the left-hand helices, over which w obviously vanishes. This 
too has been neglected throughout. 

Turning to the question of misalignment, it will be recalled 
that, throughout the preceding discussion, it was assumed that 
perfect geometrical cutting, assembly, and alignment had been 
secured, so that under a very light load the spur gear makes con- 
tact along a line parallel to the axes of the pinion and gear, and 
running the whole length of the tooth. Small misalignments, 
it is readily shown, produce a gap or clearance in the direction 
of y, which is expressed by either of the two equations 
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where D is a positive constant depending upon the degree and 
direction of misalignment. Wherever this gap is closed under the 
applied torque Equation [2] is replaced by the relation 


Where contact is not made, the use of Equation [70] is improper, 
as it leads to a negative load, and it, too, has to be replaced by 
Equation [67]. Proceeding under the assumption that the load 
closes the misalignment gap completely, one is led to 


(8 1 81 


which now replaces Equation [10]. Application of p‘ to Equation 
[71] leads once more to Equations [11] and [13]. The boundary 
conditions of Section 4 apply without change, with the exception 
of condition, Equation [32], which is replaced by 


(r0)o = 50 + go, = 


As in Section 6, it is readily shown that the even components 
of 6, ré, and y are not affected by the modification Equation 
[72], its only effect being the addition of a constant rotational 
displacement ré = (go + g:)/2; the odd components of 6, ré, and 
y, however, are changed. Since the conditions Equations 
[29] and [34] still apply, it follows that the same ratio b’/b 
holds now as before, so that the shape of the odd component is 
the same as in the properly aligned case, and only its magnitude 
is different. Equations [35], [72] now lead to an expression for 
ré similar to Equation [36], but modified by the addition of 
£’(g: — go) to its right-hand side. In place of Equation [38], 
we now have 


(The left-hand member of Equation [38]) + “—” = L’/2. [73] 
a 


Replacing B by By + AB, (where By refers to the ‘‘old’”’ B which 
satisfies Equation [38]), subtracting Equation [38] from Equa- 
tion (73), and dividing the resulting equation by Equation [88], 
one obtains 


AB _ _ — 9) 


The quantity my will be called the ‘‘misalignment factor;”’ it 
is defined by Equation [74]. Thus, as a result of misalignment, 
there is a decrease in the odd component of 6 which is directly 
proportional to the misalignment gap g: — go and inversely pro- 


portional to the applied torque L. 
LOAD FACTOR CURVES FOR VARIOUS MISALIGNMENT GAPS | 
IN THE SPUR GEAR OF EXAMPLE 2, SECTION 5 y 
Wy = LOAD FACTCR 
(mp MISALIGNMENT FACTOR ( SEE EQUATION {74] 


} L } 
2° 4 


Fig. 10 Errecr ror Seur Prnton 


Fig. 10 shows several w, curves for various amounts of mis- 
alignment gap in the spur gear of Example 2 in Section 5. 
The misalignment factor my in the figure ranges between 
—2 and 2. Assuming a load 
L = 4000 in-lb 
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the corresponding misalignments were computed from Equation 
[74] and are shown in Table 1. 


TABLE 1 MISALIGNMENTS COMPUTED FROM EQUATION [74], 
AND LOAD-CONCENTRATION FACTORS AT ENDS 
(g1 — go) X 10%, in. mf ug for— = 1 ug for— = 0 

—0.378 —2.0 3.549 —0.69 
—0.189 —1.0 2.846 0.63 

0 0 2.143 0.737 

0.095 0.5 1.792 1.08 

0.189 1.0 1.440 1.440 

0.189 2.0 0.737 2.14 


Norte: Positive values of g: — go indicate a misalignment gap at the free 
end, negative values a gap at the torqued end. 


Also shown in Table 1 are the load-concentration factors wy 
at both ends. It will pe noticed that a misalignment gap at 
the torqued end relaxes the load at that end and increases it at 
the free end. The most uniform distribution of load occurs for 
my = 1 corresponding to a misalignment gap of aL’/2. 

The gap dimension g,; — go should be compared with L’, the 
tooth deflection due to a uniform distribution of the load which 
is given by 


10° L’ = 0.105 in. 


It will be noticed from Table 1 that very small misalignment 
gaps may affect the load distribution profoundly. 

Throughout the foregoing the gap g and the displacement y 
were measured relative to the position of the pinion in which: it is 
held by the bearings. Now, in general, the bearing radius ex- 
ceeds the journal radius by several mils, and the journals are 
floated in this gap by the reaction of the oil film. Thus mis- 
alignment position and gap cannot be truly determined without 
taking the oil action into account. It is likely that under the 
action of the oil the pinion will take up a position so as to result 
in a load distribution which is even about the middle section. 

The misalignment for the case of a double helical gear may be 
investigated in an analogous fashion. Without going through 
the treatment in detail, suffice it to say that the even component 
is unchanged; on the other hand, the axial displacement h and 
the odd component of the load are increased by the same frac- 
tional amount 


(6 odd) = (1 + mf (6 odd with no misalignment). . . [75] 


where, as in Equation [74] 


2(g1 — go) 
76 
my ons [ ] 
In particular, the misalignment factor my = —1, which causes 


a symmetric load distribution for a spur pinion, will yield the 
same load distribution for a double helical pinion with the same 
constants J, a, 8, and L. Fig. 11 shows the load curves for the 
pinion of Example 4. 

It is interesting to point out that a proper ‘tooth relief” can 
LOAD FACTOR CURVES FOR VARIOUS MISALIGNMENT GAPS IN 
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Wy = LOAD FACTOR 
‘ MISALIGNMENT FACTOR (SEE EQUATION [74] 
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be put into a gear so that with perfect assembly the load will be 
absolutely uniform for a particular applied torque. The requisite 
form of “relief”? can be obtained from Equations [70], [16], 
{17], and the boundary conditions, Equations [12], which vield 
under the assumption of constant 6 = L’ 


(r@), 


aL't/2 + const 


<= 
Il 
bo | fre 


23 
ag? 


The shape of g for Example 2 is shown in Fig. 12. This 
tooth relief changes with L’ and will render only the particular 
load L’ uniform. 


9 Errect oF PRESSURE ANGLE, HELICAL ANGLE, JOURNALS. 
SumMARY OF RESULTS 


It will be recalled that in the foregoing discussion, only the 
effect of tangential load w was considered and neither the radial 
component of the load introduced by the pressure angle ¢, nor 
the axial component of the load caused by the helical angle y, 
were considered. The effect of these two force components 
consists in introducing bending in a radial plane, stretching in 
the axial direction; furthermore, there is a modification in the 
geometric condition of contact. It turns out that for a spur 
gear there results a multiplication of the constant 6 by sec? ¢. 
The effect of the helical angle y is more complicated and results 
in changes in both a and 8, as well as in the introduction of an 
odd-order derivative term in Equation [13]. The latter term, 
however, is small. Slight changes in the load distribution are 
obtained. 

Another assumption used in Sections 1 to 8 is that at the end 
of the tooth-face contact the deflection y and the moment vanish; 
this neglects the effect of the journals, of the bearings, and of the 
oil film in the bearings. These effects have been studied. One 
effect of the journals is a slight increase in the even components 
of the load, due to the finite bending moment resulting from the 
reaction over the surface of the journal. The effect of the 
journals on the odd component of the load depends on the 
action of the oil film, the flexibility, of the journals, and the bab- 
bitt, and it is not too easy to calculate. The over-all effect on 
the odd component of the load is to reduce it greatly. 

From these considerations it may be concluded that while 
many factors remain to be considered, the main conclusions 
arrived at in the preceding sections portray reasonably well the 
variation of load and the factors upon which it depends. These 
factors are the stiffness of the pinion in bending and torsion, the 
tooth stiffness, and the length of the pinion. The dimensionless 
constants a and 8 determine essentially the nature of the load 
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distribution. The larger 8 is, the greater the load concentration 
and the same is also true, to a slighter degree, of a. Asindicated 
in Examples 1 and 2, a value of 8 around 300 gives an appre- 
ciable load concentration, while a value of 8 as small as 20 results 
in a very moderate load concentration. This is true of the curves 
in Fig. 5 as well as of those in Figs. 7 and 9. It is believed that 
rational design criterion, based on keeping the values of these 
constants within proper limits, can be evolved. 

Before an attempt is made to develop such a criterion and to 
predict the behavior under working conditions of a pinion for 
which the foregoing calculations show a rather high load-concen- 
tration factor at one end, the following points must be kept in 
mind: There is some question of the correctness of the assumed 
constants, such as the tooth-deflection or tooth-stiffness constant. 
The latter may actually be smaller, due to such factors as the 
oil film. Then there is the effect of the journals which has but 
roughly been taken into account. Finally, there is the possi- 
bility of tooth wear, which will naturally be greater at the highly) 
loaded portion and, for soft steel, will tend to distribute the load 
more uniformly. In addition to this, the dynamic load factor, 
which has been suggested by Buckingham as largely responsible 
for maximum loading to which a gear can be subjected, tends to 
cover the load distribution. Obviously, the treatment in this 
paper, by assuming a perfect construction in shape of teeth, 
automatically omits consideration of this important factor. 

It is intended to supplement this analysis by the accumulation 
of data from special tests to be performed in the future when 
manpower becomes more readily available. 
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Load Distribution of Reduction Gears 


By FRANK M. LEWIS,! CAMBRIDGE, MASS. 


A simple method of determining the load distribution 
in reduction gears, based on the relaxation process, has 
been used by the author for several years. In view of the 
analysis of Poritsky, Sutton, and Pernick, its publication 
appears desirable. In order to facilitate comparison of 
the methods the numerical examples of Poritsky, Sutton, 
and Pernick have been used to illustrate the application 
of the relaxation method. 


Hi problem of the load distribution along the face of a 

gear, considering the effect of bending and torsion in the 

pinion and the bending deflection of the teeth, is of con- 
siderable interest and importance. An exact solution of this 
problem, based on a complex number solution of the differential 
equation of distortions, has been obtained by Messrs. H. Poritsky, 
A. D. Sutton, and A. Pernick.? This solution is extremely in- 
teresting as an application of the algebra of complex numbers. 
The computations involved are laborious, however, and a much 
simpler solution, also exact, based on the relaxation method, 
which is ideally suited to the problem, is possible. 

The steps in such a solution are as follows: 

1 Assuming uniform load distribution, find the distortion 
curve of the pinion due to bending and torsional deflection. Now 
let the pinion be held rigidly to this shape and let the teeth be 
elastic. The distorted pinion is rotated, the teeth deflecting, 
until the correct total load is carried. Then the load-distribu- 
tion curve for this condition is known, being proportional to the 
tooth deflection. With this new load-distribution curve, a new 
curve of pinion distortion from bending and torsion is found, and 
the process is continued to satisfactory convergence. 

With gears of normal proportion, the convergence is quite 
rapid so that two steps suffice for all practical purposes. With 
long slender pinions such as Examples 1 and 3 in the paper? by 
Poritsky, Sutton, and Pernick, the convergence is slow, and the 
solution can even conceivably diverge. The nature of the con- 
vergence process is shown diagrammatically in Figs. 1, 2, and 3, 
of this paper. 

In all cases the successive assumptions of shape will oscillate 
about the correct value. The oscillation may give rapid con- 
vergence as indicated in Fig. 1, slow convergence as indicated in 
Fig. 2, or divergence as indicated in Fig. 3. In these figures 
A indicates the initial assumption, B the first derived value, and 
C the next initial assumption. With rapid convergence C is taken 
at B; with slow convergence or mild divergence the mean of the 
initial and derived values is taken as at Cin Figs. 2 or 3. With 
such a procedure, a slowly converging relaxation process will 
converge with great rapidity, and even a divergent. process may 
be foreed to converge. 

The graphical solution of Examples 1, 2, and 3 of the paper? 
under discussion is given by this method in the charts herewith. 


' Professor of Marine Engineering, Massachusetts Institute of 
Technology. Mem. A.S.M.E. 

?“Distribution of Tooth Load Along a Pinion,’ by H. Poritsky, 
A. D. Sutton, and A. Pernick, published on page 78 of this issue of 
the JouRNAL. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until July 10, 1945. Discussion received after the closing 
date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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In Fig. 4 is given the bending and torsional deflection curves 
of uniform loading for Example 2. No great precision is needed 
in computing these, and we have merely computed the de- 
flections at center and ends and sketched in curves by hand. In 
Fig. 6, the combined deflection curve is transferred from Fig. 4, 
with scale reduced by '!/2. This is curve 1. The base ab is ad- 
justed so that the total area between 1 and ab, scale considered, 
is equal to the total face load divided by the combined tooth 
constant S, where S = lb per in. deflection per in. of face. 

The value 2.639 < 10° has been used for S. 

From this curve, we proceed by the familiar funicular polygon 
construction for finding the deflections of a beam. The inter- 
cepts a are laid off in the polar diagram to the right, and a pole 
distance h; is selected. In the funicular polygon, the intercepts 
B will be proportional to the bending moment in the pinion, 
and the intercepts A will be proportional to the torsional deflec- 
tion of the pinion referred to the load end of the gear as of zero 
deflection. 

With the intercepts B a second funicular polygon with pole 
distance hz is constructed. \The intercepts C in this polygon are 
proportional to the bending deflections of the pinion. 

The relations between these intercepts and the deflections are 
given by the equations 

_ ThySA( Az) 


= 


GJ 


for torsional deflection, and 


Az)? 
EI 


for bending deflection, where Az = interval between concentrated 
loads 
hy, he = pole distances in first and second constructions, taken 


the same in examples given 
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1ST DEFLECTION CURVES Radius 8.73 in. Face 58 in. 
Torque 520,000 in-lb 

Fac’. load 520,000/8.73 = 59,300 Ib 
Bending at center 


y 


5 X_59,300 X_ 583 
3384 X 10.143 10 

Torsional deflection at end 

520,000 58 X 8.73 


= 1625 x 10-8 


~ $115 10 — 1,6: 
8.115 10% x 2 1.63 10 
FOR UN/ FORIT LORD Aven tn 
59,300 
0.022 . to ac 
7 2.639 & 108 0.0225 sq in, to scale 
TORSIONAL DEFLECTION Radius 2.3 in. Face 6.33 in. 


in-lb 
ace load 10,000/2.3 = 4350 Ib 
~ BENDING DEFLECTION Bending at center 
5 X 4350 6.338 

384 X 193.46 xX 108 
58° Torsional deflection at end 
10,000 X 6.33 2.30 
155.38 X 108 2 


Area needed in deflection curve 


VA 
\ \ 


u = 0.742 X 10-4 


= 4.68 X 10-4 


4350 
55— = (16.5 X 1074 8q in. to scale 
1/20,000 2.639 10 
DEF 
t+—-TOR. DEF. 
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Fie. 7 Exampie 1: Sincte GEAR 
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S = tooth constant 

GJ and EI = torsional and bending constants of pinion. 

The intercepts A and C are each multiplied by the proper 
constant as given by Equations [1] and [2] and added. Thena 
base is so adjusted with respect to this curve that the proper area 
is contained in the tooth-deflection curve, taken on the opposite 
side from the computed deflections. This gives curve 2, the 
- derived deflection. This has then been transferred to the top as 
at 2’ to compare with the assumed initial curve. The assumed 
curve had too great deflections. The derived curve should have 
deflections which are too small. It will be noticed that the con- 
vergence is quite rapid so that another step appears unnecessary 
and the 2’ curve is taken as the solution. This gives 2.18 as the 
maximum/mean load ratio. The exact value as calculated 
by Messrs. Poritsky, Sutton, and Pernick is 2.16. The 2.18 is 
probably too high due to slight errors or the finite steps in the 
integrations, but is sufficiently close for any engineering pur- 
poses. 

For the reduction gear of Example 1, an exactly similar process 
is used. Assuming uniform load the deflection curve in Fig. 5 is 
obtained. This gear is of quite extreme length-diameter ratio, 
and we recognize that the normal process would converge slowly. 

The convergence is therefore forced by the previously dis- 
cussed method; and for the next initial assumption we halve the 
deflections obtained from the uniform loading. This is curve 1 
in Fig. 7. The base is adjusted to give the proper area, neglect- 
ing the small negative area, since the gears cannot sustain a ten- 
sion. Constructing the two funicular polygons, the derived de- 
flection curve 2 is arrived at. To continue the process, we would 
take the mean of the ordinates of 1 and 2 as the assumed curve 
and repeat the process, but 2 is quite evidently close enough for 
any practical use. 

The solution for the double helical gear is given in Fig. 8. The 


same initial curve 1 is used as in Fig. 7, for the single gear. For 
each half of the gear, a base is determined so that the area of each 
side is equivalent to '/2 the total load divided by the tooth con- 
stant S. In considering the side of the gear to which power was 
applied only positive ordinates a have been considered since the 
teeth cannot sustain a tension. Constructing the funicular 
polygons, the deflection curve 2 is arrived at, and the base of this 
is readjusted for equal loading on the two halves. This derived 
load curve does not differ appreciably from the assumed curve, 
indicating satisfactory convergence. 

Problem 4 could be worked in exactly the same manner. 

This relaxation method of calculation is in no sense an approxi- 
mate method. Carried to convergence’ and with sufficient in- 
tervals, it will yield results correct to any desired degree of ac- 
curacy. With the relaxation method, many refinements are easily 
possible which would be extremely difficult with the differential- 
equation method. As has been shown, the partially loaded gear 
offers no difficulty. In addition, double gears with space be- 
tween the sections, distant bearing supports, overhung gears, 
etc., can all be handled with only slight modification. 

The method is therefore much broader than the differential- 
equation solution. 

The most uncertain factor in these calculations is the tooth 
constant S. In the illustrative calculation presented, we have 
used the value given by Poritsky, Sutton, and Pernick in order to 
check the sets of calculations against each other. We have 
usually used the value 1.39 X 10¢ for such calculations, however. 
This factor, based on the work of Buckingham, includes the 
effect of bending deflection, shear deflection, and the local con- 
tact deformation in the two mating teeth. 

Admittedly, the constant is uncertain, however, particularly 
as applied to helical gears and needs experimental confirmation. 
A possible method of determination is to measure the load dis- 
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tribution in a given gear and calculate backward for the tooth if gears do distribute their load according to these theories or 
constant which will give this distribution. whether the theoretical distribution is completely masked by 


It would be extremely desirable to determine experimentally impact, misalignment, and oil-film effects. 
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Experimental Investigation of Turbulence 


Diffusion—A Factor in Transportation 
of Sediment in Open-Channel Flow: 


By E. R. VAN DRIEST,? PASADENA, CALIFORNIA 


Turbulence diffusion in open-channel flow was investi- 
gated experimentally by photographing the spread of 
globules formed by the injection of an immiscible fluid 
into water. The mean-square transverse deviations of the 
globules at various distances downstream from the source 
were computed and analyzed in an effort to determine the 
shape of the velocity-correlation curve. Comparison was 
made between two types of curve which fitted the devia- 
tion data, one corresponding to a power-correlation law 
and the other to an exponential-correlation law. 


INTRODUCTION 


URBULENCE diffusion in flowing water has for a long 
‘Lo been of interest to the fluid technician and the hy- 
draulic engineer. Inherent in the turbulence of the water, 
this diffusion is responsible for the existence of many internal 
phenomena such as eddy heat transfer and sediment suspension. 
Although the findings of the investigation will be of interest in 
many fields, this work was undertaken primarily because of its 
importance in sediment suspension and sediment transportation. 
Diffusion in water may be characterized by the diffusion co- 
efficient. A detailed experimental investigation of this coefficient 
is necessary therefore in order to, understand more completely 
the diffusion mechanism of open-channel flow and to apply it to 
the various diffusion phenomena. Of particular importance is a 
knowledge of the functional variation of the diffusion coefficient 
from point to point, for without that, integration of the funda- 
mental equation for sediment suspension is impossible. 
Some observations (1) on diffusion in water have been made, 
but most investigations have been conducted in air, either in the 
wind tunnel (2) or in the atmosphere (3). 


THEORY 


The diffusion theory for the turbulent motion of a fluid is 
closely analogous to the theory of the diffusion of gases and of 
particles in the Brownian movement. For this reason the latter 
theory will be reviewed first. 
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Mo.ecutar Dirrusion—KInetic THEORY 


In the kinetic theory of gases the fundamental equation for one- 
dimensional steady-state molecular diffusion is given by 


where n is the time rate of diffusion of certain selected molecules 
through a unit area normal to the z axis and in the positive di- 
rection of this axis, NV is the concentration of such molecules at 
the point in question, and D is the diffusion coefficient. Then, if 
N isa function of time and space, and D is allowed to vary from 
point to point, it can readily be shown that the general equa- 
tion for diffusion of certain molecules in a laminar gas stream 
with compressibility neglected is 
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In this expression U, V, and W are the components of fluid 
velocity in the z-, y-, and 2-directions, respectively. If the fluid is 
at rest, and N and D are functions of y only, Equation [2] reduces 
to the one-dimensional case 


It is next assumed that Equation [1] holds for very small solid 
particles suspended in a liquid by molecular collision (Brownian 
movement) and subjected to an extraneous field of force such as 
gravity. If the particles have a mean settling velocity 7, and 
the y-direction is upward, Equation [3] must be rewritten to read 

ON oN oN 
ot oy oy? 


and in the steady state 


Equation [4] is the law governing the suspension of minute 
particles in a liquid at rest, suspension being due solely to mo- 
lecular collision. The law was verified experimentally by Perrin 
(4) in 1908. 

In the self-diffusion of gases, a derivation by Jeans (5) gives 


where c is the mean velocity of the gas molecules and L is their 
mean free path. Here it is supposed that the molecules passing 
through a plane have traveled, on the average, uninterruptedly 
from various regions at distances perpendicular to the plane 
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equal to the projections of the mean free path of the molecules. 
On the other hand, in the Brownian movement, the coefficient of 
diffusion may be determined by measurement of displacement of 
the particles in an interval of time. Einstein (6) proved that for 
such particles (or molecules) 


in which Y? is the mean-square displacement of the particles in 
the y-direction during an interval of time r. It is assumed that r 
is of such magnitude that successive movements of a particle are 
randomly distributed and independent of each other. In other 
words, the interval 7 is sufficiently long to insure that the effects 
on displacement of correlation of velocities after successive bumps 
are negligible. 

An important feature of the diffusion of molecules is the trans- 
portation of energy and momentum as well as of mass of the 
molecules. However, the idea alone of movement of molecules 
from one region to another is not sufficient to explain the dis- 
tribution of mean temperature or velocity in the parallel flow of a 
nonturbulent gas; it is necessary to assume, furthermore, that, 
upon arrival of a molecule at a new layer, the molecule gives up 
the excess or takes on the deficiency of mean energy or momentum 
which it had at the old layer where it started its path. The 
distance between the layers for each excursion of a typical mole- 
cule is taken as the projection of the mean free path on the line 
normal to the layers. The effect of energy transport in this 
manner is heat conduction; thus if temperature is substituted for 
concentration in Equation [2], there results the heat-conduction 
equation for a moving gas when compressibility and dissipation 
are neglected (this equation also holds for heat conduction in a 
liquid stream). The effect of transfer of momentum is the well- 
known phenomenon called viscosity. 


TURBULENCE DIFFUSION—TRANSFER PHENOMENA 


Fluids in turbulent motion exhibit a turbulence diffusion in 
addition to a diffusion due to molecular activity. By analogy 
with the kinetic theory of gases, the concept of a “‘mixing’’ process 
coincident with the diffusion of particles of fluid has been brought 
forward to account for the distribution of mean properties of a 
fluid in a turbulent field. In the so-called mixing process, prop- 
erties of a fluid are supposedly transferred by the motion of small 
fluid masses each of which moves from one layer in which its 
property is that of the mean flow in the neighborhood to another 
layer at a transverse distance 4. After each mass has moved a 
distance \, retaining its original property, it is supposed to mix 
with the surrounding fluid until its initial identity is lost, thereby 
assuming the average property of the new region. Transferable 
properties of a fluid may be internal energy, salinity, concentra- 
tion of sediment, etc. Momentum has been assumed such a 
property, giving rise to eddy viscosity, analogous to molecular 
viscosity in the kinetic theory of gases. 

Now it is readily shown (7) that the fundamental equation for 
the mean rate of turbulence transfer m of any local property M 
through a unit area normal to the y axis in the positive direc- 
tion is given by 


in which v is the instantaneous transverse-velocity fluctuation, 
the bar indicating the mean value over the plane surface in ques- 
tion. In correspondence with the molecular theory, vd is called 
the diffusion or transfer coefficient. If this mean product is 
written as the product of a mean velocity and a mean length, thus 


[8] 
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l becomes, by definition of Equation [8], the effective mean 
length of travel of a fluid mass before it loses its property identity 
in the surrounding fluid. In this manner / may be defined as 
the mixing length. It is analogous to the mean free path of 
molecular diffusion. If sediment of concentration N and fall 
velocity » is under consideration, then, upon equilibrium, there 
results an equation identical with Equation [4] for the suspension 
of sediment due to turbulence. 

There is some question as to whether V/ vl, or rather I, is the 
same for the transfer of different properties. Thus far, some ex- 
periments (8) have been conducted to compare the transfer co- 
efficients for momentum and sediment transfer. 

In contrast with the discontinuous mixing process, in which a 
lump of fluid moves a distance and then mixes with its surround- 
ings, Taylor (9) has developed a theory of diffusion in which no 
assumption of mixture is made. Taylor showed that it is again 
possible to derive an equation similar to Einstein’s Brownian- 
movement formula, Equation [6], thus 


where ¥? is the mean-square displacement of fluid particles and + 
is again an interval of time of such duration that the influence of 
correlation of successive velocities upon the observations is 
negligible. 


TURBULENCE MOVEMENTS 


In Taylor’s development of a theory for turbulence diffusion, 
cognizance is taken of the fact that the diffusion process is not a 
discontinuous one, but rather a continuous one, since the veloci- 
ties and movements of the particles are continuous. This idea 
of continuity of motion is the essential difference between Tay- 
lor’s theory and the transfer theory, as well as the molecular 
theory. 

In order to describe the continuous motion of particles of fluid, 
Taylor has introduced the statistical correlation between succes- 
sive velocities of a particle of fluid. The development is as fol- 
lows: 

Consider the random migration of particles of fluid in the y- 
direction and let v be the instantaneous fluctuating velocity 
parallel to that direction. The correlation coefficient Re between 
the velocity of a particle of fluid at time ¢ and the velocity of the 
same particle after an interval of time & is given by 


If the turbulence is considered uniform with respect to space and 
time, and R¢ is an even function of &, then 


00 
Re = 
v2 


and 


The value of the definite integral f,' v,-¢d¢ is next considered, 
whence by the definition of the correlation coefficient there follows 
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where Y is the displacement of a particle in time ¢, so that by 
Equation [11] 


— 14d¥ 
Red = = [12] 


integration of which yields 


It is therefore seen that diffusion in a field of uniform turbulence 
is dependent upon two quantities, i.e., the energy of turbulence, 
and the coefficient of correlation Re. 

Equation [13] offers a means of measuring the intensity of 


turbulence V »2. By observing the displacement of particles so 
close to a point source that R: — 1, it follows that 

Y? = »2T? 
or 


2 
= 
which leads to 


if the point is fixed and the fluid is moving with the mean velocity 
U in a direction z transverse to the migration. 

Of more importance is the case when Re — 0. If it can be 
assumed that such a time interval 7; exists that the velocity of a 
particle at the end of the interval 7’; has no correlation with the 
velocity at the beginning of the interval, then f,” "Rede is finite, 
and 


for all values of 7’ > 7,. Hence 7; is the true average time re- 
quired for a particle to lose its velocity identity in the surround- 
ing fluid. 

According to the condition of Equation [15], it is possible to 
define a length J, by the relation 


[16] 
so that 
= — 1dyi Udy: 
whence 
= + const.............. [18] 
or 


which is the equation of the straight line to which the Y? diffusion 
curve becomes tangent. 

It can be seen by Equation [18] that, when 7 is sufficiently 
large, Y? becomes directly proportional to time r as mentioned 
previously in Equation [9], thus 


Comparison of Equation [20] for turbulence diffusion with Ein- 
stein’s Equation [6] for the Brownian movement readily indicates 
that Vr, may be called the turbulence-diffusion coefficient 


with 1, corresponding to the mean free path L in the case of 
molecular diffusion. 


It follows by Equation [16] that the diffusion length J, is, 
like the mixing length, some mean effective transverse distance 
which a particle of fluid travels before losing its identity in the 
fluid neighborhood, but it is to be noted that here the specific 
identity is that of velocity and not necessarily that of any property. 
It might also be agreed by Equation [16] that f, "Rede is the 
effective average time required for a particle to lose its velocity 
identity as compared to 7;, which is the true average time re- 
quired for such a loss. 

Equation [17] shows that the diffusion coefficient can be deter- 
mined by direct measurement of the slope of the mean-square 
deviation line when data are taken at times longer than that for 
which Re — 0. However, sometimes it may be difficult to ob- 
tain diffusion data for such a direct measurement, since 7'; may 
be quite large. This is in contrast with measurements in the 
Brownian movement, where it is hardly possible to make observa- 
tions at intervals of time so short that persistence of velocities 
would affect successive displacements. 


CORRELATION 


Since the correlation between successive velocities of a fluid 
particle has been shown to play an important part in the de- 
velopment of the theory of turbulence diffusion, further discus- 
sion of the meaning of correlation is desirable. 

The term correlation refers generally to the statistical inter- 
dependence of variables, whereas the coefficient of correlation is 
a statistic which is a numerical measure of the degree of inter- 
dependence of variables. The coefficient as used previously 
(Equation [10]) is defined as the algebraic-mean value of the 
product of successive velocities of a particle divided by the prod- 
uct of the root-mean-square values of the fluctuations at the 
beginning and end of the time interval; of course, a sufficient 
number of observations are necessary to insure a true mean. 
Fig. 1 shows schematically various degrees of correlation be- 
tween velocities, the high correlation corresponding to a short 
time interval, the low corresponding to a long time interval. 
Other types of correlation (10, 11) exist between velocities in a 
turbulent field. 

There is one important limitation to the correlation coeffi- 
cient as previously defined; it can be applied only to data which 
scatter about a straight line. However, in correlating velocities 
of the same particle the regression is assumed to be linear, and 


Us 


Perfect Correlation 


Low Correlation Zero Correlation 


Fie.1 ScHematic REPRESENTATION OF CORRELATION OF SUCCESSIVE 
VELOcITIES OF A FLUIp PaRTICLE 


4 
i 
= 
vi 
v 
4 
Ve 
small 


A-94 JOURNAL OF APPLIED MECHANICS JUNE, 1945 


4 


\ \ 
FLOOR LEVEL ® @ 8" PIPE @ 2) 


LEGEND 


VARI-ORIVE MOTOR 
CIRCULATING PUMP 

FIXED PIVOT SUPPORT 

VENTURI METER 

ADJUSTABLE SUPPORT 

TRANSITION SECTION 

DIFFUSER 

OBSERVATION WINDOW 

COLLECTION TANK PLATE NO. 


Fie. 2) DiaGRAMMATIC SKETCH OF 10-IN. CLosep-CircuUIT FLUME 


there is no reason to believe that in the random fluctuations, 
which are encountered in a uniformly turbulent field, the trend 
will be anything but linear. 


LABORATORY EXPERIMENTS 


The experiments were conducted in a closed-circuit flume 
(see Figs. 2 and 3), 10'/: in. wide, 10 in. deep, and 40 ft long. 
The slope could be adjusted by means of a jack-and-pivot com- 
bination. On either side of the flume was a glass window 5 ft 
long and 7 ft from the downstream end. Also at the downstream 
end was a motor-and-propeller-pump assembly, the discharge of 
which was measured by a Venturi meter. Two channel conditions 
were used in the investigation, smooth walls and bottom, and 
rough walls and bottom. Smooth surfaces were obtained by the 
application of bitumastic paint; rough surfaces were produced 
by covering soft bitumastic paint with sand grains having a Fic. 3° Sipe View or FLuME SHowinG ApsusTaBLe AND Pivot 
mean size of 0.89 mm. Supports, OBSERVATION WINDOW, AND VENTURI METER 

Fig. 4 shows the injection apparatus in position. A mixture of 
carbon tetrachloride and benzene, having the same density as 
the water, was injected into the flow through a 24-gage stainless- 
steel tube which had an internal diameter of 0.0123 in. Upon 
leaving the tube, the mixture broke up into small immiscible 
globules which could be photographed. 

The proper injection velocity was obtained by adjusting the 
level of the fluid in a burette tube. The injection tube was aligned 
with an adjustable index plate which was located at a convenient 
point downstream. The globules were photographed with a 
Leica camera on Kodak Plus-X film. 

In the smooth channel, three discharges were studied: 0.58 
cfs, 1.08 cfs, and 1.76 cfs; in the rough channel, one discharge was 
studied, 1.51 cfs. The flow in the rough channel had the same 
slope as the high flow in the smooth channel. In all flows the 
maximum depth was held at 0.65 ft. Measurements were made 
at five points in the vertical centersline of the channel for the 
lowest flow, while only two points in the center line were investi- 
gated in the remaining flows. The Reynolds numbers ranged 
from 27,200 to 82,500 using the hydraulic radius as the charac- 
teristic length. 

A particular discharge and depth of water at uniform flow were 
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Fic. 5 Typtcat Dirrusion PHoroGRaPHs 
(Note the periodic wandering which gives some indication of a definite turbulence pattern. The globules have been touched up for 


illustrative 


established by adjusting the slope of the flume and speed of the 
pump. After the flow became steady, the immiscible fluid was 
injected and about thirty photographs (one roll) were taken in 
rapid succession. Four or five rolls of film were used for each 
depth in a particular flow. After each roll of photographs had 
been exposed, the water was freed of globules by circulating it 
through two layers of cheese cloth. Fig. 5 shows reproductions 
of three typical instantaneous photographs of diffusion at the 
same injection depth and discharge. 

After development, the films were projected on a screen to 
exactly full size. At various distances downstream from the in- 
jector tube, the vertical positive and negative displacements 
within a narrow band were read off the screen to the nearest 
0.01 in. by means of co-ordinate paper. For the study of the 
two lower discharges, displacements were obtained at the follow- 
ing downstream points: '/4, '/2, 1, 1'/2, 2, 3, —-13 in., and as far 
as 30 in. at one depth. For the higher discharges, the following 
points were used: 1/2, 1, 1"/2, 2, 3, —13 in., or 
1/s, 1, 11/2, 2, 3, 4, 6, 8, —14 and, in one case to 32 in. downstream. 
The mean-square values of these displacements were then cal- 
culated at the various distances from the point source, each value 
arrived at representing the mean of about 400 measurements. 


ANALYSIS OF DATA 


PowrEr-CoRRELATION Law 


The mean-square deviation data show considerable scatter 
when plotted on Cartesian co-ordinate paper, Fig. 6, despite 
the great number of measurements taken for each mean. Be- 
cause of this scatter, the author was not able to measure directly 


purposes.) 


the slope of the limiting deviation line to determine the diffusion 
coefficient. If, however, the data are plotted on log-log paper, 
Figs. 7 to 10, they are found to adhere closely to a straight line, 
except near the origin, the straight-line plot meaning that the 
data in that range may be approximated by a power law 


where n must lie between 2 and 1, as required by Equations [14] 
and [19], respectively. The fitted curves, obtained from the 
logarithmic plot in Fig. 7, are transferred to the Cartesian paper, 
as shown in Fig. 6. 

The adoption of such a power law to represent the data allows 
the calculation of the correlation coefficient from 


which is obtained upon differentiation of Equation [12] and use of 
z = Ut. Thus upon substitution of Equation [21] into Equation 
[22], there is obtained 


1 U \3 
Rt = Calta — ........ [23] 
p2 


It is seen that the use of this equation requires an independent 


determination of _ which is obtained from the slope of the ¥? 
curve at the origin through Equation [14]. 
While Equation [23] indicates a possible shape of the cor- 
relation curve, its chief drawback is that its integral is infinite 
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which leads to an infinite diffusion length J, and, consequently, 
an infinite diffusion coefficient. In the case of the open-channel 
flow investigated herein, such a condition is not expected to exist, 
since the size of the eddies is limited by the width of the channel, 
and it is expected that the correlation of successive velocities 
would approach zero rapidly after a particle of fluid was carried 
about by a number of eddies. 

However, a condition in which the diffusion length 1, may be- 
come indefinitely large is that which exists in the atmosphere 
where there is no a priori reason that the eddies should have a 


limiting size. This case was investigated by Sutton (12), using 
data collected by Richardson and Proctor (3) on the diffusion 
of balloons in the atmosphere. Sutton plotted the data on log- 
log paper and found that a linear variation with n = 1.75 ap- 
proximated the data, a perfect agreement with the author’s 1.74 
in the low flow, Fig. 7. It is to be noted, however, that the 
values for the author’s remaining flows do not agree with Sut- 
ton’s value. 

Of interest is the fact that in each flow the straight-line por- 
tions of the curves are parallel. This means, of course, that the 
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powers for each flow condition, as controlled by the channel, are 
the same and seems to indicate proportionality between the 
mean-square deviations at any two depths. Furthermore, for 
all smooth-channel flows, the ratio of diffusion at the 1- and 4- 
in. depths is the same; the effect of channel roughness is to alter 
this ratio. 


EXPONENTIAL-CORRELATION LAW 


Another type of diffusion curve which may approximate the 
data is that corresponding to the exponential-correlation law 


suggested by Dryden (13). It is then readily shown that sub- 
stitution of this law into Equation [22] yields, upon integration 


This equation is of particular interest, since, at small values of 
zx compared to 2, it reduces to Equation [14], and, at large 
values of z compared to 2% it reduces to Equation [19], viz. 


Y? = — %) 


-or = 
v? 


tion function is thus finite a T) = 4} leading to a finite 


where = 


2. The integral of the correla- 


diffusion length and diffusion coefficient. 
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Fig. 11 Typrcat Power anp ExPONENTIAL-CORRELATION CURVES 


Unlike the power law for diffusion, there is no simple form of 
plotting Equation [25] to give a straight line, so that it is neces- 
sary to fit the equation to the data by trial and error, using the 
usual Cartesian co-ordinate paper; however, from each fit there 
are obtained both V 11/U and 2, meaning that it is unnecessary to 
make a separate determination of V 02/U as in the case of the 
power-correlation law. 

Equation [25] has been fitted to the data of only the low flow, 
@ = 0.58 efs, for the purpose of comparison with power curves. 
The fitted curves, including the limiting parabolas and asymp- 
totic straight lines, are shown in Fig.6, along with the power curves. 
In Fig. 11 are shown two correlation curves at the l-in. depth 
(again for the purpose of comparison), one corresponding to 
Equation [24] and the other to Equation [23], using the values 
of 2 and V/ 2/U obtained from the fitting of Equation [25]. Al- 
though it is evident from the plots of the mean-square deviation 
curves that there is little choice as to which type of curve fits the 
data, it is nevertheless obvious that the resulting correlation 
curves are quite different. It may therefore be concluded that 
the data presented are not of sufficient precision to determine the 
shape of the correlation curve. If, however, the assumption is 
made that the curve, corresponding to the exponential-correla- 
tion law, represents the data, values of 1; and Veh can be com- 
puted and will appear as shown in Fig. 12. 

A dimensionless plot of the data is suggested by Equation [25], 
which can be written in the following form 


1? Zo 
U 


Thus all the data should fall around the single curve, Fig. 13. 
It is to be noted that in the fitting process the value of 2 = 7 

in. was found to satisfy the data at each injection point in the low 

flow. This corresponds to the constancy of the power n in the 
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power equation and again indicates proportionality between 
diffusion at any two depths. 


SUMMARY AND CONCLUSION 


An experiment was conducted for the purpose of measuring 
certain diffusion properties of water flowing in an open channel. 
By measuring the displacements of immiscible globules, mean- 
square deviation data were‘obtained at various depths for three 
rates of flow in a smooth channel, and for one rate in an arti- 
ficially roughened channel, all flows having the same total depth. 
Theory was reviewed to provide the reader with the necessary 
background for analysis of the data. 

It was seen that it was possible to fit either one of two types 
of curve to the data presented in this paper, one corresponding 
to a power-correlation law and the other to an exponential- 
correlation law. Since the two curves differed widely in their 
characteristics, it was concluded that the experimental data, in 
spite of the fact that about 400 observations were taken for each 
mean-square deviation point, were not of sufficient precision to 
warrant the computation of second derivatives and, consequently, 
the determination of the shape of the correlation curve. 

Of the two curves suggested, the one corresponding to the 
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exponential-correlation law is of more interest because of its close 
conformity to the expected nature of the correlation curve, i.e., 
at a time interval of zero the value of the correlation coefficient 
is unity, and at a time interval large compared to 7’) the value of 
the definite integral of the correlation function approaches a 
finite quantity. If the assumption is made that such a type of 
curve represents the data, the parameters of diffusion, JV v’, 
lL, and JV vl, along the vertical center line of the flow will appear 
as shown in Fig. 12. 

Despite the appreciable scatter of the mean-square deviation 
data, it is interesting to note the proportionality of diffusion at 
all depths. 
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Dynamics of an Elastic Bar 


By O. R. WIKANDER,' PITTSBURGH, PA. 


The dynamics of an elastic bar, solid and with free 
slack, are of importance as a convenient basis for the study 
of train dynamics, owing to the similarity in behavior of 
the individual cars in a long train to that of the particles in 
an elastic bar. The analyses given in this paper deal with 
the behavior of such bars under conditions corresponding 
to the starting, the braking, and the change in grade of the 
track of a long train, without or with free slack. It is 
assumed that the stress and strain in the solid parts of the 
bar are proportional. 


A Sinc te Exrernat Force Acrs aT ONE END OF AN ELASTIC 
Bar Witu FREE ENps 


HE starting of a long train corresponds to the action of an 
[aan bar under the influence of a single external force, 
acting at one end and in the longitudinal direction of the 
bar. The behavior of an elastic bar subjected to such a force 
under various conditions will be analyzed. 
Case1. A Constant Force Acts at the End of a Solid Elastic Bar: 
Referring to Fig. 1, AB is a solid elastic bar, with free ends, 
subjected to a constant external force ?,; applied at A and acting 


L 


A B 
Fia. 1 


in the direction from B to A. This force produces a bar tension 
P = P, and a particle speed v both of which travel at a propaga- 
tion speed V from the point of application A in the direction from 
A to B. 

The propagation speed V of the bar tension, as well as that 
of the particle speed, are expressed by the equation 


[1] 


The particle speed v, which is proportional to the bar tension P, 
is expressed by the equation 


v = P/V mk = P/V mk 


P = = vV mk. 


where m is the mass per foot of bar in slugs and k is the “‘stiffness 
constant” of the bar, or the product of its sectional area and 
Young’s modulus of elasticity in pounds. 

The bar tension P and the particle speed v will have traveled 
the distance L to the end B of the bar after a time t, which may be 
expressed as 
t= L/V 

’ Mechanical Engineer, Ring Spring Department, Edgewater Steel 
Company. Mem. A.S.M.E. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, New York, N. Y., Nov. 27-Dec. 1, 1944, of 
Tae AMERICAN Sociery or MEcHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until July 10, 1945. Discussion received after the closing 
date will be returned. 

Note: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those of 
the Society. 


or substituting the value of V from Equation [1] 


[3] 


The distance D, traveled by the force P, during the time /, 
is equal to the strain in the length Z under the tension force P = 
P, and may thus be expressed as 


Beyond the time t, the average speed of the bar as a whole, would 
in this case, as well as in the three following cases, continue to 
increase indefinitely at the rate of P;/Lm unless external resisting 
forces impede its motion. 

Case 2. A Constant Force Acts on a Body Connected to a Solid 
Elastic Bar: 

In order to approximate the action of a locomotive with constant 
tractive effort, acting at the rim of its drivers, it will be assumed 
that the constant force P; acts on a constant mass M, which in 
turn is connected to the elastic bar. 

It is assumed that the force P; has acted on the mass M, during 
the time t, transmitting a force P to the elastic bar, which is con- 
nected to the mass M. 

The magnitude of the force P is expressed by the equation 


P= P, — M,dv/dt 


where v is the speed of the mass M. 
Substituting for P its value from Equation [2] the foregoing 
equation becomes 


= mk — (Mi/V mk) do/dt 


Multiplying both sides with the integrating factor e¢/™ Vink 
we get after integration 


vet/ MV mk (p./>/mk) MV mt _ 
Where C is the constant of integration 
Fort = 0, v = 0 and thus 
C = mk 
and, consequently 
v = mk) mk) [5] 


Substituting for v the value from Equation [2] and solving for P 
we have 


P = Py (Y—e mb) [5a] 
The time ¢ after which the particle at the distance LZ from the 
front end of the bar begins to move is the same as that given in 
Equation [3], since the propagation speed V in a solid bar is inde- 
pendent of the magnitude of the force or the particle speed, which 
is transmitted. 


The average speed of the bar, as a whole, at that time may be 
computed from the equation 


Pt = vo(M, Lm) 
after substituting the value of ¢ from Equation [3], which gives 
= m/k/(Mi + (6) 
Beyond the time t, the average speed of the bar as a whole would 
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increase indefinitely at the constant rate of P;/(Mi + Lm) un- 
less external resisting forces impede its motion. 

The distance D, which the mass M, will travel during the 
time t may be computed from the equation D = i vdt. 


Substituting the value of v from Equation [5] we get after in- 
tegration 


D = (Pi/V mk) [t— mk) (1 


or, if it is desired to express the distance D in terms of the whole 
length Z of the bar, which has begun to move at the time ¢, 
the value of ¢t from Equation [3] may be substituted and we have 


D = (P,/(mk)) [Lm— M1 — [8] 


Case 3. A Constant Force Acts at One End of an Elastic Bar 
With Free Slack: 

If the bar has an amount of free slack of s ft per ft of solid 
length and assuming that a constant force P; (corresponding 
to a locomotive of constant drawbar pull starting a train with 
free slack) acts at one end of it, the momentum equation 


applies, where v is the average speed of the moving stretched 
part of the bar. 

It is assumed that the moving part of the bar has a uniform 
speed » which is constant if and when the time ¢ satisfies Equa- 
tion [9] and if, furthermore 


Substituting this value of ¢t and the value of V from Equation [1] 
in Equation [9], the constant speed v of the moving part of the 
bar can be computed as 


v = [P,i/(2Vmk)] [1 + + (11] 


In the special case where s = 0 this equation takes the form of 
Equation [2] for a solid bar. The duration of the starting 
period t may be computed from the momentum Equation [9] 
by substituting the constant value of v from Equation [11]. 
Equation [9] then becomes 


t = (L/2)V m/klt + V1 +4 8k/P\|....... (12] 


The distance D traveled by the front end of the bar during the 
starting period is given by 


D = sL + 


Substituting the value of P from Equation [2] and the value of 
v from Equation [11] and integrating gives 


D = L|s + (P,/(2k)) V1 +4 8k/P| ....... [13] 


Case 4. A Constant Force Acts on a Body Connected to an 
Elastic Bar With Free Slack: 

In this case, a constant force P; acts upon a constant mass M, 
connected to an elastic bar with a uniformly distributed amount 
of free slack of s ft per ft of solid length of bar, corresponding to a 
locomotive of constant tractive effort P; starting a long train 
with free slack. 

In order to solve this problem, the assumption has been made 
that the speed of the solid part of the bar is uniform and equal 
to that of the mass M,, on which the force acts. Actually the 
change in the strain of the bar, caused by the change of the force P,, 
which is transmitted from the mass M,, will cause a slight differ- 
ence in the speeds of the front and rear end of the solid part of 
the bar. 
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The increase in momentum of the mass Mf; and the moving 
part of the bar during the time element dt may be expressed by 
the equation 


Pidt = (M, + Lm)dv + movdL 


The time element dt, during which the bar element dZ is stretched 
and its free slack is taken up, amounts to 


dt = (s/v + 1/V)dL. 


Substituting this value of dt and the value of V from Equation {1 | 
in the preceding equation gives 


P, (s/v oo V m/k) dL = (M, + Lm)dv + mdL 


After separation of the variables v and L, this equation takes the 
form 


dL /(M, + Lm) = vdv/(—mo? + Pw/m/k + P,s).... [14] 


After integration and determination of the constants from the 
condition that for v = 0, L = 0 the following expression for the 
bunched length L is obtained 


L = (M,/m) [{ Vsk/~/—P, 2? + Pic + sk} 
{ (a? + + 22 —1)/(a?—2axr + 22 —1) [15] 
where z = vV mk/P, is a parameter, and 
a= V1 +4 sk /P; is a constant. 


For a given value of s the bunched length of the bar L can be 
computed for, and plotted against, any assumed speed v of the 
moving part of the bar. 

The duration of the starting period t may be computed from the 
momentum equation 


P,t = (M, + Lm)v ort = v(M, + Lm)/P,......... {16} 


where v has the value taken from the vL curve, constructed from 
Equation [15]. 

For large values of L the value of » computed from Equation 
{11] may be used as a close approximation, in which case, this 
equation takes the form 


t = (M, + Lm) [1 + /(2 Vmk)... [17] 


Again, taking the value of D traveled by the front end of the 
bar during the starting period, as expressed in the equation 


D = sL + fy (P/k)aL 
and substituting the value of P from Equation [2] we have 
D = sh + = sl + AV m/k...... [18] 


Where the integral represents the area A under the vl curve con- 
structed from Equation [15]. 
An approximate value of D is obtained from Equation [13]. 


UNIFORMLY DISTRIBUTED EXTERNAL Forces APPLIED SERIALLY 
To AN Exvastic Bar 


The braking of a long train corresponds to the retardation of an 
elastic bar with free ends under the influence of uniformly dis- 
tributed external forces serially applied to the particles of the 
bar. 

A change in the grade of the track of a moving train has a 
similar effect which, however, may be accelerating or retarding. 

If the train is bunched when subjected to braking from its 
front end and thus without free slack, its behavior corresponds 
to that of a solid elastic bar. In such a bar the propagation 
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speed is independent of the intensity of the pressure which leads 
to comparatively simple equations.’ 

This also applies to a stretched train, which is braked from its 
rear end. 

If, however, a stretched train is braked from its front end, or a 
bunched train from its rear end, its behavior corresponds to that 
of an elastic bar with free slack and the rate of pressure transmis- 
sion or the speed of the slack take-up increases as the impact point 
travels along the train. 

The behavior of a solid elastic bar subjected to such forces 
and that of an elastic bar with free slack are different and will be 
analyzed separately. 

(a) Forces Applied to a Solid Elastic Bar With Free Ends. 
The effect of serially applied external forces on a solid elastic 
bar with free ends, may be expressed by different equations 
depending upon whether the value of the propagation ratio p, 
or the ratio between the constant speed V of force and par- 
ticle speed propagation through such a bar, as expressed by Equa- 
tion [1] and the constant rate of force application V; is greater 
than, equal to, or smaller than unity. 

The value of p can be expressed as 


p= V/V; = 19] 


Case 1. Propagation Ratio Is Higher Than Unity: 

If p> 1 the following equations apply.” 

The maximum bar pressure P,», in the solid bar is expressed by 
the equation 


Pes = 2f,L p/(p + 1)? [20] 


where f; is the external force per foot length of the bar and L 
the length of the bar, and occurs at a distance of 


from the front end of the bar, where the progressive force applica- 
tion began. 

The maximum bar pressure P,, is reached at the time ¢ when 
the force application has traveled the distance L2, expressed by 
Equation [21] or when 


At that time the whole bar has suffered a uniform loss in speed v’ 
which can be expressed as? 


= 2f,L/[mVi(p + [23] 
D 
wi 
B 
Fie. 2 


Referring to Fig. 2, the horizontal AB represents the length L 
of the solid bar. The maximum bar pressure P,, is represented 
by the vertical CD and is located at the distance AC = Ls from 


the front end of the bar, which is assumed to move in the direc- 
tion from B to A. 


? “Draft Gear Action in Long Trains,” by O. R. Wikander, Trans. 
A.S.M.E., vol. 57, 1935, pp. 317-334. 
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Since the average compression in the bar AB is P,,/2 the total 
shortening of the bar, due to the compression, is 
D = PmL/(2k) 
or, substituting for P,, the expression from Equation [20] 
D = f,L? p/{k(p + [24] 


Case 2. Propagation Ratio Is Equal to Unity: 
If p = 1, the equations just derived take the following forms:? 
The maximum bar pressure, from Equation [20] is 


It occurs according to Equation [21] at a distance L,; = L from 
the front end of the bar or, in other words, at its far end, Fig. 3. 


——+ 


L- > 
3 


The relative impact speed between adjacent particles at the 
distance 1 from the front end of the bar may be expressed as 


P/V mk = Ppl/(LV mk) = fil/(2V mk) 


owing to the fact that the pressure of each particle suddenly rises 
from 0 to P. 

The time ¢t, required for the force application to reach the far 
end of the bar, is equal to that required by the pressure trans- 
mission and may be expressed as 


The total shortening of the bar during the maximum com- 
pression is obtained from Equation [24] for p = 1 or 


[27] 


Case 3. Propagation RatioIs Lower Than Unity: 
If p < 1 the maximum bar pressure P» is expressed by the 
equation? 


Pig [28] 


and occurs at the distance L, from the front end of the bar, 
where the progressive fore: application started (Fig. 2) 


[29] 


The time t, required for the maximum bar pressure P,, to form, is 
expressed by the equation 


The shortening D of the bar, at the time ¢ when the maximum 
bar pressure P,, is reached, is computed from the average bar 
pressure P,,/2 as 


D = PL /(2k) 
or, substituting the value of P,», from Equation [28] it becomes 
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(b) Forces Applied to an Elastic Bar With Free Slack and Free 
Ends. In such a bar the individual elastic bar elements, each 
of the Jength dl, are connected in such a way that each one can 
move freely over a distance sdl, in relation to the adjacent one 
before it transmits a tension or compression force to the latter. 

If such a bar is subjected to serially applied and uniformly 
distributed external forces, the first particle acted upon collides 
with the adjacent one only after a certain delay and the point of 
impact therefore lags temporarily behind the force application, 
which is assumed to travel at a constant rate. 

It will be shown that, if the propagation ratio of the solid bar p 
is higher than unity, and the bar is long enough, there always is a 
point, which will be designated as the “passing point,’’ where the 
impact point catches up with and passes beyond the point of force 
application. 

The equations governing the relative impact speed v between 
the individual particles and the bunched part of the bar are dif- 
ferent, depending upon whether the bar has a passing point or not. 
If a passing point exists additional facts must be taken into ac- 
count, namely, whether the impact under consideration takes 
place before, at, or beyond that point. 

Case 1. Conditions in an Elastic Bar Without a Passing Point 
or Before That Point Is Reached: 

Let us assume that an elastic bar with free slack of the mass m 
per foot of solid length moves in the direction of its longitudinal 
axis at a constant speed and that it is subjected to serially applied 
retarding forces, amounting to f; lb per ft of solid length. 

At a time t, measured from the beginning of the progressive 
application of external forces, the particles, on which these forces 
act, have suffered an average loss in speed of v. The bar 
length to which these forces have been applied is L, as measured 
on the solid parts of the bar, and its mass is Lm. The latter 
can also be expressed as mtV; and since it has been retarded during 
the time ¢ by an average force of f,tV,/2 its average loss of speed v 
can be computed from the momentum equation 


mtVyw = th; tV,/2 


or 
= fit/(2m) = fiL/(QmV)). [32] 


After the time ¢ a new particle of the length dZ and mass m dL 
becomes subjected to the retarding force fidL and is from then on 
retarded at the same rate f/m as all the previously retarded 
particles, which compose the Jength L. 

These particles all bunch and are assumed to attain equal 
speeds before striking the next particle. The impact with the 
latter would thus take place at a relative speed, which is equal to 
the average loss of speed v expressed by Equation [32]. 

Since the force application precedes the slack take-up, the 
time t of the former will be shorter than the time ?’, after which the 
slack take-up or the impact point has reached the bar length L. 
The time t’ may be computed as follows: 

The loss in travel Y’; of all the particles, composing the bar 
length LZ during the time ft, is defined as the sum of the products 
of the length of each particle times its loss in travel or the total 
length of all the retarded particles times their average loss in 
travel. It can be computed as follows from the average loss 
in speed v of the particles as given in Equation [32] and the rela- 
tionship dt = dL/V, 


= fo Lodt = 133] 


Their loss in travel during the as yet unknown time (t’ — 2), 
during which all of them are subjected to the uniform retarda- 
tion f;/m is 


¥", = Lil . - [34] 
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The total loss in travel at the time of bunching of the particles 

forming the solid length Z is thus 


The loss in travel Y’; of the particles, composing the solid 
length L, due to the take-up of the free slack sL, is 


The loss in travel dY” of one particle of length dl located at 
the distance 1 from the impact point is due to the strain under 


the compression force P and it is given in equation 


dy”, = (P/k)dl 


The loss in travel of all the particles in length LZ would there- 
fore be 


= fi (P/k)dl dl 
Substituting P from Equation [2] and v from Equation [32] and 


integrating 
(36] 


The loss in travel Y’’’: of these particles due to the loss in 
travel of the struck element dl during the time (t’? — t) under the 
influence of the retardation f,/m is 


The total !oss in travel Y of all the particles in the bar of the 
length L at the time of bunching can thus be expressed as 


Y = Y’, + Y”, + 
Equating the two expressions for Y thus obtained gives 


By the substitution of the derived values of these quantities 
the value of ¢’, the time of slack take-up, may be obtained as 


= sm Vi/fy + L(2p + 1)/(V1 [33] 


It is interesting to note that this equation is of the first de- 
gree and that the time ?’, plotted against the solid bar length L, 
thus represents a straight line. 

For L = 0, t? = sm V,/f,; and marks the point where the 
?’-L line intersects with the time axis. 

The loss in speed v” of the struck particle dZ at the time of 
impact ?’, suffered during the time (t? — ¢) at the retardation 
fi/m is 

v” = fi(? — t)/m 


Substituting the value of ¢’ from Equation [38] gives 


= sVi — [(p — 1)/(3p)) [39] 


and thus the total loss in speed v’ of the bunched part L of the bar 
is 


= + fiL(p + 2)/(6m Vip)......... 


The loss in travel y’ of any particle dL before it strikes the 
bunched part L of the bar may be expressed as 


y = fill — 2/(2m) = [f,/(2m)] [sm Vi/fi 
Lip 41] 


The shortening y of the elastic bar, between its front end and 
the point of impact at the bar length L may be expressed as 


y= + 


= 
xy 
i 
4 
2 
a 
a 
I 
LATS 
: 
~ 


WIKANDER—DYNAMICS OF AN ELASTIC BAR 


where P has the value in Equation [2] and » the value given in 
Equation [32]. 
It is then after integration 


y = sL + f,L*/(4 Vi? [42] 


The loss in travel D of the front end of the bar may be computed 
from 


D=y +y = 8m fi) + sL2p + 1)/(3p) 
+ [1/9 + + ...... (43) 


Case 2. Conditions at the Passing Point: 

According to definition, this is the point where the slack take-up 
catches up with and passes beyond the force application. Its 
location is determined by its distance Lz from the front end of 
the bar. The time ¢’ required to bunch the length L, of the bar, 
the time of slack take-up, is equal to the time ¢ of force applica- 
tion. 

The distance L, is obtained by the substitution of the values 
of ? = t = L,/V; and L = [, in Equation [38] and solving for 


L, = 3V;2 msp/[f,(p —1)]............ [44] 


The relative impact speed v, of the particle dL at the pass- 
ing point is obtained from Equation [32] by substituting for L 
the value of Z, from Equation [44] and is 


The time & at which the passing point is reached is obtained 
from the equation t, = L,/V; by substitution of the value of Z, 
from Equation [44] and is 


ty = (emVi/f,) (3p/(p — [46] 


The loss in travel D, of the front end of the bar at the passing 
point is equal to the shortening y of the bar at this point and may 
be computed from Equation [42] by substituting for the length 
L the value of L, as given in Equation [44]. It is then 


= = (s*m®Vi/f) [3p(4p — 1)/(2p —2)4] [47] 


Case 3. Conditions Beyond the Passing Point: 

After the impact point of the particles in an elastic bar with 
free slack has traveled beyond the passing point, the particles 
are all impacted before the external forces are applied. 

The momentum of the bunched part L, extending beyond the 
passing point in such a bar at the time ¢t, when its loss in speed, 
which is assumed to be uniform, and thus its relative impact 
speed with as yet unretarded particles is v, can be expressed as 


Lmo = f,t?V;/2 
from which 


t = Lv) [48] 


The time dt for the slack take-up of the particle dL is composed 
of the time required to bridge the gap sdl at the impact speed v 
and the time of the pressure propagation at the speed V through 
the solid part dZ of the bar. It may be expressed by the equation 


dt = sdL/v + dL/V 


The value of dt may also be obtained by differentiation of 
Equation [48] which gives 


dt = (vdL + 2m/V 


a these two expressions for dt and solving for dv/dL we 
obtain 
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dv/dL = [s/V Lv + (1/[pVil) V0/L] (49) 


To our knowledge, this equation has not as yet been solved, 
nor has any generally applicable approximate solution been found. 

It is possible, however, to construct the Lv curve by approxi- 
mate integration, using the Simpson rules, starting from the 
passing point, the location of which is defined by Equations [44} 
and [45]. 

From the origin and up to the passing point the Lv curve is a 
straight line, according to Equation [32]. 

At that point it bends sharply and is tangent to the slope 
dv/dL, which is obtained by substituting the values of Zz and » 
from Equations [44] and [45], respectively, for the values of 1 
and V in Equation [49]. The latter then takes the form 


dv/dL = [f,/(2mV;2)] [(@ + [50 | 


It is interesting to note that the slope of the Lv curve at 
the passing point as given in Equation [50] is independent of the 
slack, and therefore the same for all values of s. 

The time ¢’ required to bunch a bar of length L may be ex- 
pressed as 


tt (sot db = (L/V) +8 


From the Iw curve, constructed as previously explained, it is 
possible to construct the L-1/v curve. The area A; of the lat- 
ter between the verticals over LZ, and L is 


A, = fi’ (1/s) db 


Substituting this value of A; for the integral in the foregoing ex- 
pression for t’ gives 


The loss in travel D of the front end at the time of bunching 
the full length of L of the bar is 


D = D, + (L—In)s + fry (P/k)aL 


or after substituting the value of P from Equation [2] is 


The integral in this equation represents the area between the 
verticals over L, and L in the Lv curve, computed from Equation 
[49]. Letting 


A= 
D = D, + (L— + [52] 
APPLICATION OF THE PRECEDING ANALYSES TO A LONG TRAIN 


In order to apply the priceding analyses to a long train, it is 
convenient to rewrite the equations in terms of train data.? 
The following substitutions should therefore be made 


Assuming a straight-line compression diagram, the ultimate 
gear reaction is 


and by definition the ‘‘stiffness constant” k is 

k = PL,/(2q) 
or after substituting the value of P from the Equation [54) is 
likewise 


Ne 
= 
[45] 
he 
Page 
| 
be 
3 
4 
5 
4 
3 
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(56] 8, = free plus residual slack per coupling, ft 
i; = time interval between emergency brake or other force 
applications on adjacent cars, sec 
[58] Nore: The corresponding equations, governing the behavior 
a 159] of a railroad train, are transcribed from the equations, just de- 
or ” rived for an elastic bar by the use of the substitutions listed, 
{60} and given in a paper on draft-gear action.’ 
The author is indebted to the Edgewater Steel Company for 
, sponsoring this investigation, to Mr. L. H. Fry, for deriving 
C = capacity of one draft gear, ft-lb some of the more important equations by a different method, thus 
F = retarding force per car, lb checking the validity of the elastic-bar method, and to Dr. 
= = length per car —" buffing surfaces, ft W. M. Dudley, for helpful suggestions. 
the 3“Draft-Gear Action in Train Service,’ by O. R. Wikander, 
presented at the Semi-Annual Meeting, Pittsburgh, Pa., June 19- 
m, = number of car at passing point 22, 1944, of THe American Soctety oF MECHANICAL ENGINEERS. 
q = full travel per draft gear, ft Paper No. 44-SA-13 
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- Stresses in a Cylindrical Shell Due 
to Nozzle or Pipe Connection 


By G. J. SCHOESSOW! anv L. F. KOOISTRA,? BARBERTON, OHIO 


Results are reported of a strain-gage test conducted on 
a 54-in-diam cylindrical shell to which was attached two 
12-in-diam pipes. The pipes were subjected to direct axial- 
tension loading, direct axial-compression loading, and 
transverse bending moments. This construction simu- 
lates the conditions which exist in boiler drums, pressure 
piping, hydraulic penstocks, etc., where pipe connections 
are subject to forces and moments that develop strains in 
the shell to which the pipes are attached. Moderate load- 
ing applied to the pipes resulted in 20,000-psi bending 
stresses in the shell. These stresses are of a magnitude 
that demands the respect and attention of the designers. 
By publication of these data, the authors hope to stimu- 
late interest in further experimental and analytical in- 
vestigations of the problem, which eventually will estab- 
lish a basis for predicting the magnitude of stresses in 
cylindrical shells. Such data are not now available. 


INTRODUCTION 


shells, it is necessary to know the magnitude and direction of 

the bending stresses that result in the drum shell when a 
large-diameter-pipe connection is made to the drum shell. For 
example, the pipe connection may be a steam-outlet pipe or a 
make-up pipe, subject to restrained expansion which produces 
bending stress and thrust in the pipe, and moment and thrust 
at the connection between the pipe and the shell. No analytical 
method or published experimental data are available to predict 
the magnitude of the stresses which may result in the drum shell. 
The test procedure given in this paper covers several types of 
loading and two variations in drum-shell thickness in order to 
obtain reliable design data. 


¢ the design of steam-boiler drums and other cylindrical 


ARRANGEMENT OF TEsT EQuIPMENT 


.Fig. 1 shows the arrangement and details of the test model. 
Fig. 2 shows the layout of the strain-gage locations. Strain gages 
were also located on the inside of the plate directly opposite 
those on the outside of the plate. Figs. 3, 6, and 8 show the test 
model in its loaded positions, and Figs. 13 and 14 show the close- 
up details of the strain gages attached to the model and the 
switchboard. In all tests, the strains were measured with 
SR-4 gages and an SR-4 strain indicator. At the 45-deg location, 
strain rosettes were used, ali other gages were plain one-direction 
type. 

The model had to be turned several times during the investiga- 
tion; therefore, it was decided to use the plug board as shown in 


' The Babcock & Wilcox Company. Mem. A.S.M.E. 

* The Babcock & Wilcox Company. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, New York, N. Y., Nov. 27—Dee. 1, 1944, of 
THe AMERICAN Society OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until July 10, 1945. Discussion received after the closing 
date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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Fic. 1 ARRANGEMENT AND DetaiL oF MODEL 
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Fig. 14, rather than individual multiple switches. Although the 
brass post allows a large contact surface and gives entirely satis- 
factory results, contact resistance is an item which in subsequent 
tests could be further reduced by silver-plating the surface. 
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Fic. 4 Smari-Size Woop MopE. 
(This model illustrates axial-tension loading, also how tension stress on 
outside surface of plate is a maximum near Junction of pipe and shell, and 
how it varies along the shell.) 


PosITIONs AND LOADING 


The model was first tested in the position shown in Fig. 3. 
In this position, an axial-tension loading was applied to the two 
outstanding pipes. For this axial-tension load, a 6-in. standard 
pipe was placed concentrically through the outstanding pipes. 
This pipe was of such length that it protruded slightly at either 
end. By means of 8 bolts welded to the ends of the pipes, and a 
blind flange placed over the ends of the 6-in. center pipe, the 
model was loaded in axial tension with respect to the branch 
pipes. The data for this test appear in Fig. 5 and Table 1. In 
order to show clearly the nature and distribution of stresses 
in the shell, a wood model was made to small scale, as shown in 
Fig. 4. The tension stresses existing on the outside surface of the 
shell are shown by the stress curves attached to the model. 
This figure shows clearly the nature of the stress in the shell, and 
how it varies with distance from the outstanding pipe. 

Following this test, the arrangement inside of the pipes was 
changed, as shown in Fig. 6, so that a direct axial compression was 
produced in the outstanding pipes. In this axial-compression 
test, the function of the parts was reversed. The 6-in. concentric 
pipe was reduced in length so that its ends were somewhat 
short of the ends of the outstanding pipes. The bolts were cut 
off the pipes and welded onto the center pipe. When blind 
flanges were placed on the ends, they came to rest on the end face 
of the outstanding pipe, so that by tightening the bolts a com- 
pressive load parallel to the axis of the branch pipes was pro- 
duced in the model. The data for this test appear in Fig. 7 and 
Table 2. 

For the next test, the model was put in the position shown in 
Fig. 8, and a bending moment produced in the outstanding pipes 
by applying a dead load of pig iron at the ends of the pipes. The 
data for this test appear in Fig. 9 and Table 3. It should be 
noted from the strain-gage arrangement in Fig. 2 that the strain 
gages on the shell are confined to one quadrant of the shell. 
Therefore, when this model is rotated 180 deg about the axis of 
the pipe, it places all of the strain gages, that were in the top quad- 
rant in the first position, in the bottom quadrant in the second 
position. In general, all the gages that read tension in the first 
position would read compression in the second position and would 
be the equivalent of having twice as many strain gages on the 
model. Therefore, the model was then rotated 180 deg about 
the axis of the pipe from the position shown in Fig. 8, and the 


JOURNAL OF APPLIED MECHANICS 


JUNE, 1945 


- 


AXIAL TENSION $8,000 _B8S 


20000 PSI 
+ 10000 
CL 


Fic. 5 Prior or Axtat-TENSION STRESSES 


(Stresses, shown on model Fig. 4, are also shown on this plot. For the cir- 
cumferential location and longitudinal location, dotted line is stress-meas- 
ured in circumferential direction with respect to shell. Solid line is stress 
measured in longitudinal direction with respect toshell. For 45-deg location, 
solid line is major stress, and dotted line is minor stress, Angles at which 
these major and minor stresses occur with respect to shell were taken in 
data but were not recorded in this paper because of complications of showing 
angles clearly. All stresses slotted ie curves are those measured on outside 
surface of shell.) 


TABLE AXIAL-TENSION STRESSES? 


LOCATION OF MEASURED STRESS 


SWELL 

| ANO CIRCUM.C.L. 45° DEG.CL LONG CL 

| GAGE CiR. LONG. |[MAJCR| MINOR] CIR LONG 

NUMBER IN OUT! IN [OUT| IN [CUT] IN IN CUT! IN 

| 24 5190]-3540] 410 arte | 3280] 2170 zed 

18 89801-7170] 2420 5260) 1790 5540) 2800 600 
15 ~ 395Q 9400 | BAG 2 B40} - 4650 3000) S000] 1370 
| 12 | 7460 1 S00] veo 4510 3920 7040} 4080] 
| io | 42:0} 5770] 130 527 2 660) 5700 
+ 17850) \406Q) 380 4 3540) 5990]: 2 7 900) 


7% |1989010300 14090 9201@390-13 860 10970-4940 11 060 10 300'- 
pe | «620 — 111630 9240] 3160 97801 908d 10130 290, 2010| 7110] 
24 |-€490 2100-2420 -220-1370 1880, -100\-1 050) 1470)- 2610) 1020] - 510 
| 18 |-+790 3190-1560 100 -570 2690] 170] 19801-3120 730, 220 
1s |-!820 3190 -700 2800| 640-1310 2710|-4080| 830, 570 

386 2610 1210 -540] B340 2200 700-220q 3760/4270, 1430 320 
| 1310 160 2420 -€30] 3750-2620, 1640 1520] 1940)-4e80 1180] -100 
8 | 3470 -320 4810-1980] 280-4080 3250 -890| 3540.-1 400 
5/00/2840, 310, 3190 7560-49 3220-1910 70 10}-4680, 5000). 3000} 
| 9510/3600) 3250) 9240)" 5230) 5 260|"1820] 6440) 3730] 280 


De | 2040 2930 $830 #820] 3250 4400, ©500 7840] 2040, 2930 5830, 6820 


THICK SHELL 


@ Circumferential, 45 deg and longitudinal reference is with respect to 
axis of shell for gages nurnbers 24 through 7X, and with ~~ to axis of 
outstanding pipe for gages number DC. Data enclosed in heavy line are 
plotted in Fig. 5. 


test repeated, these data appearing in Fig. 10 and Table 4. For 
reference, this position is called the ‘‘inverted position.”’ 

The model was returned to a position with the axis vertical, 
as shown in the lower part of Fig. 8 and then tested with dead- 
load pig-iron weights at the ends of the outstanding pipes. For 
this test, as in the case of the preceding one, the model was 
rotated 180 deg and the test repeated. The data for this test 
appear in Figs. 11 and 12 and Tables 5 and 6. 
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(For explanation of curves, see caption of Fig. 5.) 


TABLE 2 AXIAL-COMPRESSION STRESSES? 
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Fie. 9 or STRESS 
(For explanation of curves, see caption of Fig. 5.) 


TABLE 3 TRANSVERSE-BENDING STRESSES? 


“LOCATION OF MEASURED STRESS LOCATION OF MEASURED STRESS 
AND CIRCUM. C.L. 45° OGG. C.\. LONG ANO CIRCUM.CL 45° DEG.C.L. LONG. C.L. 

GAG CIR. LONG IMAJOR MINOR] CIR. LONG GAGE CIR. LONG [MAJOR MINOR] CIR LONG 

NUMBER IN IN [OUT IN OUT IN [OUT IN Out IN NUMMEER IN OUT IN [OUT IN | OUT) IN [OUT! IN | OUT. IN 
24 405 ©500] 37 ZO10}- 20} - 350 373d 24 235 40) 73 1220] 1420 
18 57010770 Tec O}- 5580) 2170 18 2310} 2690-433 -©90] 120]-1180 570 
iS 3e70HN1250 - 480) 1080} ©5700] & 280 2 330) iS 280] 5120-503 26Q] - 570} - 730] -120] - 490) 
I | | -10ofseze 2100} 8570] 599% 3280 -770] 43-7440] 2 120] asc] 320] 120 
| 050]- 9720-5 2eq-& 280) 4170|-978q 1470 | 3890] 6834-9530] 3430-80] -200]-280] 320 
Z 2170/4730] 7@80}10350] 410]-13290 951 1940 @500] 1935{ -200] -¢10] 200] 1620 
I | 7 5299} \8 400]1\ 250141 30} 2200413930] 14470] 7010 ? 9240] 12 7604-15160] 790 3640) - 490] -450] -32 
7K £2228012370-16250, 5900}18750 13260-12340 3060-13190 4170-12520 3280 7X |20400 19860-10950 -10020}15550 200-8910, 4280) -770, -370 
|-6570 — 3990/41 000]-52 30 690 -2 230 be [10140 272011470 @810| 4300 73001 758d 240, 2150) 1700 
24 | 1080-4200) 310 1850 480-1210|-2290 1630-1850 ed 24 | -240 970 -360 890|-1670 3480 400) ~530 930-320) 934 
5190) 1850|-1 560 - “4050 60-3890 2040- 2330-1430 4 | '8 570 850 1740-1100 2088-1510) $25, 490) 20) “200 
1s] 1050- 5450, -£60-2230|-1720-3@30 320 480-4020 2550- 2230 -1720) [1s | 1700! e10’ 2880 120] 1 280 aoc! 850) 280 
-4880- 2 390- -1750|-3500-3600-2 490 1 120/-4910 3280- 2770-1630 12 4010) - 810° 4 ©20-2150 4530- 3240 535) 1740) | 880 
10 |-2520- 3440: 4530 ~700|-$510'-2930-3440 \€90|-6280 3470- 3470 -99q 10 | 4750 -970 4180-1 910] 4350-a450) 1540 9390 1050) 630) 240) 730 
8 |-5230 -eao- ©7190 1270|-7780 4530-5260 450|-7940: 3190- 5130-60) S| 6 | 5030-3530 5070-3410 5170- “8280 2910) - 370 
i I 7010! 920-7900 1150/-8830 5550- 2770 1€90|-9270 3120- 7710 1660) I 7 6090 3930 #200-3810 ‘418 20 
1720-8130 1820/8800 4400- 15¢0)-8860 3090- 5860 ead | 7x | 5070! Se00-4780' e000) 11000, 8750-4740, 10 ~ a0) $70] 
Oc 9620-3670 oc | e450) 75801 7940] 5310 4420 5310) 7260 -730'-1 870-4020 -240 


* Data enclosed in heavy line are plotted in Fig. 7 


* Data enclosed in heavy line are plotted in Fig. 9. 
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DiscusstIon oF TEST PROCEDURE 


The 54-in-diam shell part of the test model had a length of 
only 70 in. between the end-support plates. This shell was at- 
tached by tack-welding to the end plates, as shown in Fig. 1. 
Generally, it is desirable to have a length of at least 2 diam for 
the test section, and it is possible that the proximity of the 
end-support plates to the section of the model in which strain 
gages were located did have some effect on the results. However, 
it is believed that this effect is small and can be neglected, es- 
pecially in view of the fact that the model itself was not small, 
i.e., it was a large full-size specimen in which the usual manu- 
facturing tolerances and geometrical irregularities would have 
only a very slight effect on the results. 
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TABLE 4 TRANSVERSE-BENDING STRESSES, INVERTED 


POSITION? 
: LOCATION OF MEASURED STRESS 
| CIRCUMCL 45° C.L. ALONG CL. | 
GAGE CiR LONG. 


LONG. |IMAJOR MINOR 
NUMBER [OUT| IN OUT IN|OUT IN OUT IN IN OuT IN | 
1520] 770] -730] 1720) 220] 470) 
18 | -3e0|-1 1801-5380] -e8o] 120] - 450] - 330! 
2060F 440] -730-4630] 5250]-1810| -770] 40] 770] 490) 
§90- 4520] 1360-7030] - 120] -730 
3940}-7760] 3800/-9360} 5960-4210 Bic] 1820) 240] -190 
—— fi0@ed] 5810} 12620'2 824-6180] 2160 120] -120] -830 
| | 3010] 790] 770] 
7% |20300-15690 12700 -10140/ 15 140 44520 7340-4520 65 -120 -280 
pc |-+9320-39R0 -12230-7420|-5060 -3470-7530-7710] $30 320 1260 100 
24 | 290 -S5e0 240 1290 520 -130 -520| 340 70 400 -130 
18 | -780 -510 -990 1900 -e10 -250/ 150 280 120 -70 
15 |-1330 -320-1620 420] 1590| 1750-1810 -790] 370 220 260 -120 
“2240 320-2670 3340 3340-1210 -z10|-200 90 200 -i90 
10 [+3280 1550-3670 2180-6120 4390 1370 -350] 290 260 340 -z60 
[5090 3170-5290 3820-5580 4690-2560 450 60 -30 680 -710 
| 7 |-5730 4100-6070 4950]-3930 6630 3100 54-220 370-250 740 
7x| 7460-4620 100-6 610/-2260| BO -580 240 -690 
DC 6590-4 450 320-1030 1430 -710 
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The manner of loading on the model was very accurate, since 
the dead-weight loading was done with pig iron, weighed on scales 
as it was placed in the loading baskets and not subject to any 
appreciable error. The actual tension and compression loading 
in the outstanding pipes, as shown in Fig. 3, was measured by 
placing three strain gages around the circumference of the 6-in. 
pipe, i.e., inside of the outstanding pipes. These three gages 
are located axially with respect to the pipes, and by measuring 
the tension and compression in these gages, the total load on the 
pipe could be readily calculated as soon as the actual area of the 
pipes at the strain-gage location was determined. At the com- 
pletion of the test, a short length of pipe was cut from the 6-in. 
pipe at the strain-gage location, and the thickness of this short 
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TABLE 6 AXIAL BENDING STRESSES, INVERTED POSITION? 
LOCATION OF MEASURED STRESS 
ANDO CiRCUM.CL 45° DEG. LONG.C.L. 

GAGE CIR LONG |MAJOR MINOR] CIR LONG 
NUMBER [OUT] IN OUT IN [OUT IN OUT IN [OUT IN OUT] IN 
24 25q - 130] 
4 18 30} - eo] 1120 
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12 130 320) 
10 460) 5 BOG 
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| 10 | 380 960 250 290]-2170 2870-1310 - 163-3380 2140-1590 B09) 
| 8 | 320 -250 40 -380}- 3440 3400-1950 -290-5420 3380-3500, $70 
7 290 1530 960 -290\-3640 4670-2370 100/-@€400 3760-5420) 3310 
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a OC |-220 100. -220 320]-4300-2550- 4620 - 3eeo} ©440- 5580 


® Data enclosed in heavy line are plotted in Fig. 12. 


section was then measured by a micrometer at six points around 
the circumference, and the cross-sectional area of the pipe thus 
determined. 


Discussion or Test RESULTS 
The following general conclusions and comments are sug- 
gested by the data: 
1 The shape of the stress curves in the illustrations suggests 


that this is a typical elastic-foundation problem similar to that 
discussed at length by Timoshenko* and may be subject to 


_* “Strength of Materials,” by S. Timoshenko, second edition, D. 
\ age ag Company, Inc., New York, N. Y., vol. 2, 1940-1941, 
pp. —176. 
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Fie. 14. Crose-Up View or SWITCHBOARD AND STRAIN-RECORDING 
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analytical investigation using this method. The rigidity of the 
end of the outstanding pipe with regard to its radial deflections 
and change in slope is exactly subject to this method of analysis. 
The problem in applying the method is in setting up the ex- 
pression for the flexibility of the shell, ie., its radial deflections 
and slope at the junction between the shell and the pipe, especially 
since the flexibility of the shell will vary for different locations 
around the periphery of the junction between the shell and 
eyiinder. The authors have made computations applying this 
method of analysis, and it appears to be quite promising. 

2 It may be noted from Fig. 5 that the maximum stress in the 
shell near the pipe has about the same numerical value at the 
longitudinal, circumferential, and 45-deg center-line positions. 
The same condition would ¢<ist in a circular plate uniformly sup- 
ported at the outer periphery, with the pipe attached to a hole 
in the center of the plate and loaded in a similar manner to this 
model. This suggests another approach to the problem analyti- 
cally. 

3 It may be well to extend a word of caution regarding the 
use of these data for shells and pipes of different dimensions than 
the model. These test data represent only one test in a complete 
series that would be necessary if usable data were to be established 
covering a range of shell and pipe diameters and thicknesses. 
For example, to establish the effect of the diameter of the pipe 
alone, it would be necessary to repeat this test several times, 
using the same shell diameter and using various diameters for 
the outstanding pipes. It is obvious that this would require a 
great deal of research and equipment. In view of these circum- 
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stances, it is the authors’ hope that it will be possible to set up an 
analytical approach to the problem, as expressed in either (1) or 
(2), which would check the results of the test data given in this 
paper, and which could also be used to predict the stresses when 
the geometric proportions of the structure are varied. 

It is with this thought in mind that this test was carried 
through the various stages of loading in order to obtain as much 
data as possible to check against analytical results. It is the 
authors’ hope that some of the readers may be sufficiently inter- 
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ested in this problem to undertake parallel analytical investiga- 
tions in an effort to obtain the complete solution to this problem. 
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Fatigue Tests of Airplane Generator 
Brackets With Special Reference 
to Failure of Screw Fastenings 


By A. M. WAHL,' EAST PITTSBURGH, PA. 


Fatigue tests on forged-steel airplane-generator brackets 
of different proportions are described. It was found that 
in many cases the limiting factor in the strength of the 
assembly was not that of the bracket itself but rather that 
of the screw fastenings used to hold the bracket to the 
generator frame. The fatigue strength of these screw 
fastenings is largely dependent on the rigidity (or thick- 
ness) of the bracket rim, since a flexible rim allows a high 
variable stress to be set up. Methods, which appear to 
yield reasonable results for design purposes, are given for 
calculating screw stresses as well as spoke and rim stresses 
in brackets of this type. 


practice at present to use direct-current generators (such 

as that shown in Fig. 1) mounted on and driven directly by 
the main engines through spline connections. Because of the 
severe vibration present in modern aircraft power plants, such 
generators must be designed to withstand accelerations of the 
order of 40 to 50 g without mechanical or electrical failure, while 
at the same time the weight must be kept to a minimum (1, 2).? 
Such vibrations, because of the overhang of the generator mass, 
impose severe reversed bending moments and fatigue loading on 
the brackets (sometimes denoted as ‘‘mounting flanges’’) used to 
attach the generator to the engine frame. To check on the 
strength of the brackets under such conditions, fatigue tests 
have recently been carried out at Westinghouse Research Labora- 
tories on different designs and on brackets made of different 
materials including forged steel, aluminum alloys, alloy cast 
steel, and alloy cast iron. The present paper will be limited 
mainly to a discussion of the fatigue tests on the forged-steel 
brackets, since these tests brought out a number of important 
points relative to the design of such brackets; also forged-steel 
brackets of the type considered are widely used at present. This 
paper is not concerned with materials, the emphasis being pri- 
marily on design. 

When the series of fatigue tests described was first begun it 
was soon found that in many cases the limiting factor in the 
design was not the fatigue strength of the bracket itself but rather 
that of the screw fastenings, Fig. 1, used to hold the bracket to 
the generator frame. Although it is frequently assumed that, if 
a screw or bolt is tightened to a load greater than the applied 


NOR providing electrical power in airplanes, it is common 


_ | Research Engineer, Westinghouse Research Laboratories, West- 
inghouse Electric & Manufacturing Company. Mem. A.S.M.E. 
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external load, fatigue failure will not occur, this is only true if the 
connected members have a sufficiently high rigidity. It is not 
the case where considerable flexibility is present. As Almen (3) 
has shown, the variable stress in such screw or bolt fastenings in- 
creases with the flexibility of the connected parts, and, if this 
flexibility is too great, the variable stress present may be high 
enough to cause eventual fatigue failure regardless of the initial 
bolt load. In the case of the generator brackets tested, the flexi- 
bility of the bracket rim allows the screw heads to bend, thus set- 
ting up a variable stress which, when magnified by the stress con- 
centration present, may result in fatigue failure. The strength 
of the screwed joint is thus dependent upon the rigidity of the 
bracket rim and will vary for brackets with different rim thick- 
nesses. This is brought out by the tests and also by the stress 
calculations described in Appendix 1. 


DESCRIPTION OF BRACKETS TESTED 


The forged-steel brackets discussed in this paper were made 
either from S.A.E. 1045 normalized, or S.A.E. 4140, heat-treated. 
Typical brackets of this type are shown in Fig. 2, while approxi- 
mate scale sectional outlines of several of the brackets tested are 
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shown in Fig. 3. It will be noted from these figures that because 
of the rather thin rims used to save weight, the screw holes in 
most cases broke through the rim section as indicated (Figs. 2 
and 3). This was, however, not the case for the bracket shown 
in Fig. 3(b) which had a full rim, the hole diameter being less than 
the rim thickness. This bracket is shown on the right in Fig. 2. 
A flat-plate type of bracket which will be discussed later is shown 
in Fig. 3(d). 

Pertinent dimensions of most of the various brackets discussed 
are shownin Table 1. The dimensions given refer to the symbols 
in Fig. 4 and include mean radius of rim ro, average value r,, 
between hub and rim radius, rim thickness t, minimum spoke 
thickness h, eccentricity e between screw center line and rim 
center line. 


METHOD oF TESTING 


A view of the fatigue-test apparatus is shown in Fig. 5. The 
generator frame G with attached bracket is mounted on a plate D 
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TABLE 1 DIMENSIONS OF BRACKETS TESTED? 


Bracket 
no. e t ho Te Tm 
F-1 0.082 0.145 0.156 2.94 2.45 
G-1 0.087 0.132 0.20 2.94 2.46 
G-3 0.079 0.123 0.155 2.94 2.46 
G-4 0.079 0.123 0.15 2.94 2.45 
G-7 0.086 0.150 0.125 2.94 2.45 
G-8 0.084 0.138 0.18 2.94 2.45 
G-9a 0.032 0.300¢ 0.18 2.89 2.42 
G-9b 0 0.237 0.18 2.92 2.44 
G-10 0.050 0.205 0.17 2.91 2.44 
I-1 0.087 0.198 0.197 2.91 2.43 
I-2 0.087 0.205 0.202 2.91 2.43 
I-3 0.087 0.205 0.195 2.91 2.43 
I-5 0.087 0.205 0.180 2.91 2.43 


@ Values given refer to Fig, 4. 
Minimum value. 
© Ground down later to 0.237 in. 


to simulate the attachment of the generator to the engine. An 
alternating load (reversed in direction) is applied through the pin 
A, and through the tension-compression springs S by means of the 
crosshead C, driven by a variable-throw eccentric mounted on a 
motor shaft. By this means an alternating bending moment 
may be applied to the bracket to simulate moments developed in 
service under severe vibration conditions. The load is deter- 
mined by measuring deflections of the calibrated springs S using 
the dial indicator shown. For carrying out tests at elevated 
temperature (250 F), an electric heater (not shown) is placed 
around the specimen. 

In most of the tests 10-32 socket head (Allen) screws (0.190 
diam) were used to fasten the bracket to the generator frame and 
these were tightened to a wrench torque of 65in-lb. Assuming a 
coefficient of friction of 0.25, this gave a calculated initial load 
approximately one half the ultimate breaking load of 3200 lb. 
The calculated working loads in most instances were only a small 
fraction of this value. 


Fatigue Tests WHERE ScREW FAILURES OcCURRED 


As indicated previously, when the fatigue tests of the forged- 
steel generator brackets were first begun, it was found that 
the strength of the bracket assembly was limited by the fatigue 
strength of the screws. Since this in turn is dependent largely 
upon the rigidity of the bracket rim, the strength of the screwed 
joint will vary for the various brackets tested depending upon the 
rim thickness. In Table 2, a summary of the fatigue-test results 
on the various brackets, together with other pertinent data, is 
given. In practically all cases, the first screws to break were 
those farthest from the neutral surface of the bracket where the 
bending action of the spokes is the greatest. Thus, referring to 
the sketch shown in Fig. 6, if the direction of the applied moment 
is along axis AA, the screws marked F were usually first to fail. 
In general, the breaks occurred by snapping off of the screw heads. 
the fatigue cracks being as shown in Fig. 7. In some cases the 
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fatigue crack extended from fillet a directly across the body of the 
screw (Fig. 7a), while in other cases the crack extended through 
to the socket in the head of the screw (Fig. 7b). 

The results given in Table 2 with regard to screw failures are 
shown graphically in Fig. 8, in which alternating bending moment 
is plotted against cycles to failure for various brackets with 
different rim thicknesses. (Only screw breakages are considered 
here, failures of the spokes or rim being discussed later.) Rim 
thicknesses varying from 0.120 to 0.134 in. are represented by 
open circles in Fig. 8, thicknesses from 0.135 to 0.15 in. by the 
filled circles. Although there is considerable scatter, the trend 
of the curves may be represented by the full lines shown. These 
give an indication of the increase in average fatigue strength of 
the screwed joint as the rim thickness is increased. This is ex- 
plained by the analysis of Appendix 1, which shows that the 
variable stress in the screws is reduced as the rim thickness (or 
rigidity) is increased. Thus, for example, for a rim thickness of 
0.145 in., the calculated screw stress is 64,500 psi at 9600 in-lb 
moment; this drops to about 11,000 psi for a rim thickness 
twice as great. 

A test was also made on a bracket with a special flexible rim 
(Fig. 9), obtained by drilling !/,s-in. holes laterally in the rim as 
shown. Failure of one screw occurred in a very short time 
(Table 2), the fatigue life of the bracket being less than one tenth 
the life of a similar bracket without holes in the rim. This re- 


NEUTRAL | SURFACE 


DIRECTION OF APPLIED 
MOMENT 
Fic.6 Enp View or Bracket SHOWING ScrEW HoLEs AND SPOKES 
(Failure of screws marked F occurs first.) 


a. CRACK 


CRACK 


Fie. 7 Typican SHape or FatTicus FRAcTURE or Socket Heap 


(ALLEN) Screws 


FATIGUE TESTS OF AIRPLANE GENERATOR BRACKETS 


A-115 
4 t = 120-134 
Je ¢ «135-150 
le faa 
} 
12,000 t = 23 x 
t= 120-134 | | | | 
2 | 
Q 
= } | 
| 
So, 
q2p 
CYCLES TO FAILURE 
Fic. 8 Prior or AppLtiep Moment NUMBER OF CYCLES TO 


FAILURE FOR VARIOUS Rim THICKNESSES 
(Failure of screws only.) 


Fic. 9 Specrat Bracket 


sult is, of course, to be expected because of the high variable 
stress in the screws resulting from the extreme flexibility of the 
rim. 

The effect of variable stresses in the screws is also shown by 
the test on the flat-ring type of bracket (see Fig. 3d). This 
bracket showed very poor results, failure occurring after only 
20,000 cycles at 9600 in-lb moment. This may be explained as 
follows: The loading conditions at the screw joint of this bracket 
are as shown in Fig. 10. When the shear load p, on the spokes 
acts upward as indicated, a resultant compression load P acts as 
shown between bracket and end of generator frame. Because of 
the short lever arm (estimated as about 0.02 in. for this bracket’ 
a very high load is developed, calculations indicating that the 
load on the screws is only a small fraction of that required to 
avoid opening of the joint at the applied moment used in the 
tests. Consequently, a high variable stress in the screws, due to 
joint opening, is induced and this accounts for the poor showing 
of this bracket. 

Some improvement in the performance of this bracket might 
have been obtained by thickening up the section near point B 
(Fig. 10), so as to maintain contact all along the generator frame 
thickness, and by using a larger number of screws; but even then 
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calculations indicated that the forces developed will approach the 
values equal to the initial screw loads. Hence there would still 
be danger of loosening of the joint with consequent high variable 
stress in the screws. 

As indicated in Table 2, several tests were also made under 
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many different conditions including the use of different screws 
(standard fillister-head screws, screws with lower hardness, 
cadmium-plated screws, tool-steel studs, screws with special 
fillets under head, etc.). However, as previously indicated, it 
was found that in most cases the big effect in determining fatigue 
strength of the screws was not the screw material but rather the 
rim rigidity of the bracket. 


CALCULATION OF SCREW STRESSES 


The method of calculating variable stress in the screws used 
is described in Appendix 1. Using this method, together with the 
data in Tables 1 and 2, the nominal variable stresses in the screws 
for the various tests at different applied moments were calculated. 
These stresses are given in Table 2, and are also plotted versus 
number of cycles to failure in Fig. 11. (In this figure, a few points 
obtained from other tests on cast carbon-molybdenum steel 
brackets have also been included.) As may be seen, there is 
considerable scatter in the results, but an endurance limit some- 
where around 25,000 to 30,000 psi nominal calculated stress in 
the screws (or an endurance range of 50,000 to 60,000 psi) is 


TABLE 2 RESULTS OF FATIGUE TESTS ON FORGED-STEEL AIRCRAFT-GENERATOR BRACKETS 
(Continued on page A-117) 


Vickers Torque Applied 

Test a hardness on screws moment, 
No. Bracket No. Data on screws used of screws in-lb in-lb 
1 E-1 8 8-32 Fill. Ha, -- -- 4500 
2 F-1) 24 10-32 1-1/4" Socket Hd. -- 65 9600 
3 F-1) t=0.145 24 10-32 1-1/4" Fill. Hd. 140 -- 9600 
4 F-1) 24 10-32 . Socket Hd. -- 65 9600 
5 G-3) 24 10-32 1-3/8" Socket Hd. 425 65 9900 
6 G-3) t=0.123 24 10-32 1-3/8" Socket Hd. 425 65 9650 
7 G-3) 24 10-32 1-3/8" Socket Hd. 325 65 9650 
8 G-4) 24 10-32 1-3/8" Socket Ha.? 320 65 9600 
fe) G-4) t30.123 24 10-32 Tool Steel Studs 56 9600 
10 4G-4) 24 10-32 1-3/8" Socket Ha,> 65 8200 
11 G-10 t=0.20 24 10-32 1-3/8" Socket Hd.» 65 9600 
12 G8 t20.138 24 10-32 1-3/8" Socket Hd.» 65 8900 
15 G-9(a) (8 10-32 1-3/8" Socket Ha.? 65 9600 
t=0.30 (4 10-32 1-3/8" Socket Ha.> 65 9600 
16 G-9(b) (t#0.237 8 8-32 1-3/8" Socket Hd. 50 9600 

(n=0.18 
17 G-9(b) 8 8-32 1-3/8" Socket Hd. 10900 
18 G-ll Flexible Rim 8 10-32 1-3/8" Socket Ha,» 65 9600 
19 G-7 20.15 24 10-32 1-3/8" Socket‘ Ha,.> 65 9500 
20 G-6 Flat Ring 8 10-32 1/2" Socket Hd. 65 9600 
22 Gel 20.132 8 8-32 1-3/8" Socket Hd. 400 50 7900 
23 Gell 24 8-32 1-3/8" Socket Hd. 400 50 8200 
24 TI-l t=0,198¢ 24 10-32 1-3/8" Socket Hd. 65 9900 
25 I-2 t=0.205d 24 10-32 1-3/8" Socket Hd. 65 11600 
26 I-3 t=0.205¢ 12 10-32 1-3/8" Socket Hd. 65 14700 
27 %I-5 t=0,205¢ 65 14700 
a 


For dimensions of brackets see Table l. 
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indicated. The endurance range of the screw material (hardness 
around 400 to 425 Vickers) should be around 180,000 to 200,000 
psi in reversed stress; a somewhat lower value would be expected 
with a high mean stress. 


TABLE 2 
Calculated 
nominal Cycles to 
stress on failure Temp. 
screws,psi of screws deg F 
35x108 250 
64500 220000 250 
64500 500000 250 
64500 460000 Room 
96200 225000 250 
93800 400000 250 
93800 14'7000 250 
93300 240000 Room 
116000 27000 Room 
80000 400000 Room 
29100 900000 250 
67000 1.3x106 Room 
11100 2,.69x10° 250 
11100 2x106 c 250 
16500 2x106 ce Room 
18700 Room 
~ 13000 Room 
62000 112000 Room 
- 20000 Room 
67000 275000 250 
63000 750000 250 
33000 900000 Room 
35100 16.6x10° ¢ Room 
46500 7.6x105 Room 
- Room 


No failure of screws. 
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Since the screws were subject to a fairly high initial stress as a 
result of tightening, this would appear to indicate a fatigue- 
strength reduction factor somewhere around 3. Because of the 
small fillet under the head, such a fatigue reduction factor ap- 
pears reasonable, although on the basis of the stress-concentration 
factors obtained by photoelastic tests on T-heads by Hetényi (4), 
considerably higher theoretical factors would be expected for 
small fillets. 

It is also of interest to note that the method of calculation of 
screw stresses (Appendix 1) has been checked by tests, described 
in Appendix 2, in which the angular deflection of the screw heads 
under load was measured. These showed reasonable agreement 
between test and calculated values. 


Faticue Tests WHERE SpoKE OR Rim Fattures OccuRRED 


The previous discussion has been concerned mainly with screw 
failures since these were a limiting factor in many cases. How- 
ever, bracket failures, usually in the spokes, but sometimes at 
the screw holes in the rim, were also obtained in the course of the 
various tests. An illustration of the fatigue cracks (indicated by 
arrows)in a typical bracket is shown in Fig. 12, the direction of 
the applied moment being indicated by the black marks. It is of 
interest to note that in this case the fatigue cracks did not start 
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9 screws failed at 225,000 cycles, 


14 screws failed at 400,000 cycles, 
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Bracket cracked also 
at spoke, 


Special fillet under screw head, 


Failed under nut, 


Large radius at Joint between spokes and rim, 
Full rim ) Test run % +689 x 10§ cycles with 8 screws, 
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4 screws failed at 18,000 cycles, 
Special care in alining bracket with housing. 


6 screws failed at 28,000 cycles, 


Bracket ran to 14.4x10° without failure. Where 8 
screws only were used,3 failed after 700,000 cycles. 
No failure of bracket. 

Bracket failed at 7.6X10* cycles, 

Bracket failed at 
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at the spokes farthest from the neutral surface, but at a spoke 
farther down. This indicates a higher stress at this point than 
at the top spoke where the bending action may be expected to be 
greatest. This was found by the brittle lacquer (Stresscoat) 
tests carried out by Hetényi and Young on similar brackets (6). 

As indicated by the left bracket in Fig. 13, the first crack in the 
lacquer shown by the arrow did not start at the top spoke but at 
one farther down. The explanation for this is that, although the 
bending action is a maximum at the top spoke, the effects of 
direct shear and torsion are greater at spokes near the neutral 
surface. However, these Stresscoat tests also showed that there 
was not a great deal of difference between the stress at the top 
spoke and that at which the first crack started. The fully de- 
veloped crack pattern as obtained by Stresscoat tests is shown on 
the right-hand bracket in Fig. 13. 

Fatigue cracks in the rim as well as in the spokes are shown by 
the cracked bracket in Fig. 14. The rim failures in this case 
started near holes, as indicated by the arrows, the reason for this 
being the stress-concentration effect of the holes. 

A summary of the fatigue-test results, in so far as bracket fail- 
ures are concerned, is given in Fig. 15, in which applied moment is 
plotted against number of cycles to failure, screw failures not be- 
ing included. Since in most cases spoke failures only were ob- 
served, the minimum spoke thickness is indicated on each point, 
while arrows at various points indicate no failure. In all cases, 
the applied moment was obtained by multiplying the load by 
distance from resultant to mid-points of the spokes. 

On the basis of the various tests, a rough estimate of the endur- 
ance curve for the brackets of heat-treated forged steel S.A.E. 
4140 is shown by the full line in Fig. 15, for a minimum spoke 
thickness of 0.18 in. This indicates an applied moment of about 
12,000 in-lb at the endurance limit for this spoke thickness; 
lower values, of course, would be expected for the brackets with 
thinner spokes. 

Using the method of stress calculation described in Appendix 3, 
the stress in the spokes at the endurance limit for the forged-steel 
brackets may be calculated. Taking the mean radius r,, = 2.43 
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Fig. 12) Fatigue Cracks, SHOWN BY ARROWS, IN FORGED-STEEL 
BRACKET 


in., thickness h = 0.18 in., and width of spoke 6 = 0.70 in. at 
point of failure (Fig. 16), length a from mean radius r,, to point 
where crack starts equal to 0.29 in. as obtained by measurement 
on bracket 1-5, the calculated spoke stress comes out to be 63,000 
psi at the endurance limit, assumed as 12,000 in-lb applied 
moment. 

The stress in the rim near the screw holes was also calculated 
for the heat-treated forged-steel brackets with a rim thickness of 


Fic. 13 GENERATOR BRACKETS TESTED IN CANTILEVER BENDING 
(The first crack shown in the view to the left indicates the pois of highest stress in the bracket. The view to the right shows 
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0.205 in. Taking t; = 0.205 in Equation [17] of Appendix 3, the 
calculated nominal stress at the endurance limit (12,000 in-lb) 
becomes 37,000 psi. If one assumes a stress-concentration factor 
of about 2, as seems reasonable due to the presence of the screw 
holes, this would mean a variable stress of about 74,000 psi. 
This figure, while approximate, explains why failures also oc- 
curred near holes in the rim in some of the tests. 

Since the heat-treated brackets had an average hardness of 
around 350 Vickers, a tensile strength of about 160,000 psi would 
be expected. This would correspond to an endurance limit 
around 70,000 to 90,000 psi (7). The calculated figures for 
spoke and rim stresses, previously mentioned, therefore appear 
reasonable, considering the rough nature of the calculation. 
Incidentally, application of the formula for spoke stresses, 
Equation [16] of Appendix 3, has also given fair results when 
applied to other test brackets made of cast steel and alloy cast- 
iron where spoke failures occurred. 


CONCLUSIONS 


This investigation provides a demonstration of the fact that 
screw failures, in general, are due to variable stress, and that such 
failures may occur under fatigue loading provided the rigidity of 
the connected members is insufficient. This was found to be the 
case in some instances for the screwed joint used to fasten air- 
plane-generator brackets to the generator frame, which proved 
to be the limiting factor in the fatigue strength of the assembly. 

Methods for calculating both screw stresses and bracket 
stresses, which appear to yield reasonable results for design pur- 
poses, are also discussed. A check on the method for calculat- 
ing screw stresses was obtained by measuring the angular deflec- 
tion of the screw heads under load. 
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Appendix 1 


CALCULATION oF STREss IN ScREWS 


Because of the complicated shape of the bracket, an exact 
calculation of the variable stresses in the screws is difficult. For 
this reason, for design purposes the following rather rough 
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method of calculation was used: (As described in Appendix 2 
a check on the analysis was obtained by measuring the angular 
distortions of the screw heads and comparing these with the 
calculated values.) 

Referring to Fig. 17, which represents a section through the 
rim, it is assumed that only a shear force p measured in pounds 
per inch circumferential length acts ata radiusr,. The exact 
value of this radius will depend on the relative flexibility of the 
hub and rim and an accurate calculation would be very difficult. 
For the brackets tested, to simplify the calculation, it was as- 
sumed that the hub and rim flexibilities did not differ too much 
so that r,, could be taken approximately as the mean value be- 
tween rim radius 7» and hub radius ry. (Where this is not the 
case, a different assumption as to the value of r,, may be advisa- 
ble or a more elaborate calculation, taking into account the 
difference in hub and rim flexibilities, may be made.) It should 
be noted that the radius r,, does not necessarily coincide with the 
mid-points of the spokes. The shear force p, set up by the ex- 
ternal bending moment M acting on the bracket, is assumed to 
vary sinusoidally from zero at the neutral plane (@ = 0 in Fig. 18) 
to a Maximum value at 90 deg to this plane (or in the plane of the 
bending moment). Thus 


(Actually because of the presence of the spokes the shear force p 
will not be a continuous function of the angle ¢, but where there is 
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a large number of spokes as in the present case, for the purpose of 
calculating screw stresses it may be assumed so.) 

Since no moments are assumed to act at radius r,, (Fig. 17), 
neglecting the twist of the spokes, the total moment about the 
neutral axis (Fig. 18), which must equal the external moment M 
will be 


2 
M=4 f Pm Sin 
The factor 4 is used, since there are four quadrants. Using Equa- 
tion [1] in this 


2 
M=4 f Pm Sin? = TP Tm? 


or solving for p,, 


It is further assumed that the rim will deflect essentially as an 
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infinitely long bar on elastic foundation with no radial deflection 
at point A (Fig. 17a). In most cases the length of the rim be- 
tween point A and the generator frame was sufficiently great so 
that the assumption of an infinitely long bar is reasonable. The 
deflection of the rim and spokes is indicated by the dashed lines 
in Fig. 17(b). Thus, to calculate the maximum angular deflec- 
tion @ at point A (on which the variable stress in the screws 
depends), it is assumed that a constant moment equal to p,,(ro 


Tm . . . . 
— Tm) oe per inch circumference acts ontherim. (This is multi- 
0 


plied by r,,/ro to take into account the difference in radius between 
the point where p,, acts and therim.) This is equivalent to assum- 
ing that the deflection @ of the rim at point A is the same as that 
which would exist if the shear load p were constant in direction 
and equal to the maximum value p,, so that axial symmetry is 
present. Actually, since the shear loading p will vary approxi- 
mately sinusoidally around the circumference, it may be expected 
that this method of calculation will yield values of deformation 
and stress somewhat greater than actually exist. (However, the 
tests of Appendix 2 indicate that the error is not great for the 
brackets tested.) On this basis, the external moment M, acting 
per inch of center line of the rim becomes (taking the value of p,, 
given by Equation [2]) 


Assuming that no radial motion of the rim occurs at point A 
(Fig. 17b) from the theory of a bar on elastic foundation (5) the 
angle @ through which the end of the rim deflects becomes 
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u = Poisson’s ratio (taken as 0.3) 
t = thickness of rim 
ry = mean radius of rim 
Mo’ = bending moment per inch circumferential length acting 
on rim at A (Fig. 17b) 
6 = angular deflection at end of rim, radians 
E = modulus of elasticity of material 


It should be noted that, since the screws in most cases were dis- 
placed from the center line of the rim by an amount e (Fig. 17a), 
a part of the external moment Mp is taken up by stretching of the 
screws. Let this moment be My”. Then the total moment is 


M, M,’ + M,’ [5] 


In addition, there is a further moment set up because of the 
angular deflection of the heavier rim section at A (Fig. 17a), but 
calculations indicate that it was very small for the brackets 
tested, and for this reason it will be neglected. 

The moment >” due to the stretching of the screws may be 
calculated as follows: If K, is the spring constant of the screws, 
then the load P, per screw due to an angular deflection @ will be 


where K, = spring constant of screw in lb per in. deflection. 
This formula assumes that no angular deflection of the generator 
frame at B (Fig. 17a) occurs. 

If n is the total number of screws the moment 7,” per inch of 
rim circumference is 


Pyen 
M 
2rro 
Using Equation [6] in this 
be?K 
[7] 
2rro 


Taking Equations [3], [4], and [7] in Equation [5] and solving 


for 
M 
6 = ——_—_ | 8 
( Tol m 
where 
+ 4rBEIroq 


Equation [8] enables calculation of the angular deflection of 
the screw head. To calculate the stress at A under the screw 
head (Fig. 19), where most of the failures occurred, it is assumed 
that the screw is a beam built in at B where it is screwed into the 
generator frame, while the head at A rotates through an angle 6 
calculated from Equation [8]. From the beam theory, a calcu- 
lated expression for the moment M, due to an angular deflection 6 
is’ 


AP 
(10) 
where 
+2)(i+ +2) 
K 2a \2 2 
Qa 
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l,, = lengths of unthreaded and threaded portions, respec- 
tively (Fig. 19) 

I,J, = moments of inertia of section of unthreaded and 
threaded portions, respectively 


Fora stud]; = Oand Kz = 


The bending stress o, due to the moment M, at point A under 
the screw head (Fig. 19), where most of the fatigue failures 
occurred, is 


where Z, = section modulus at point A. 
The direct tension stress due to the eccentricity of the screws 
is obtained by using Equation [6] 


In this A,, = minimum sectional area under the head at point A 
(Fig. 19). 
The spring constant K, of the screws may be calculated from 


A 
= 113) 


where A;, Ag are effective sectional areas of unthreaded and 
threaded portions of the screw, respectively. 
The nominal variable stress in the screw then becomes 


where o, and g, are given by Equations [11] and [12], respec- 
tively. Because of stress concentration at A (Fig. 19) for fatigue 
loading, this stress should be multiplied by a fatigue-strength- 
reduction factor. 


Appendix 2 


MEASUREMENTS OF A NGULAR DEFLECTION OF ScREW Heaps 


In order to check the method of calculating stress, given in 
Appendix 1, some actual measurements of the angular deflection 
of the screw heads were made on three different brackets having 
rim thicknesses of 0.123, 0.210, and 0.237 in. This was done by 
attaching a mirror to the screw head and measuring the angular 
deflection by means of a light source and scale placed about 3 ft 
away. The test results for the different thicknesses are shown by 
the circles in Fig. 20, while the calculated results for angular de- 
flection using Equation [8] of Appendix 1 are given by the curve 
shown. It may be seen that there is a fair agreement between 
test and calculated values. Since the stress depends primarily 
upon the angular deflection of the screw heads, this test would 
appear to indicate that for the brackets tested the approximations 
involved in the calculation are not too far off. 
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Appendix 3 
CALCULATION OF SPOKE STRESSES IN BRACKETS 


As indicated previously, the spokes are loaded by a combina- 
tion of bending, torsion, and direct shear loading, which makes 
an exact calculation difficult. For design-calculation purposes, 
the following approximate method, which considers only the 
bending stress due to the shear load p (Fig. 17), acting upon the 
spokes at radius r,, will be described: This method appears to 
give reasonable results when compared to the test values. It is 
assumed as before that the distribution of shear load p per inch 
of mean circumference will be a sinusoidal function of the angle ¢ 
from the neutral axis (Fig. 18). This implies that the bending 
action is greatest at the spoke farthest from the neutral axis 
(Fig. 6). Although the shear loading is actually not continuous 
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Fie. 20 Comparison or TEST AND CALCULATED ANGULAR DEFLEC- 
TION OF ScREW HEADS 


with the angle ¢ because of the presence of the spokes, it may be 
assumed so where the number of spokes is large. The maximum 
value p,, will then be given by Equation [2]. Fora large number 
of spokes n,, the maximum load P, for the spoke farthest from the 
neutral axis may be taken approximately as follows 


nN, 


P; 
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Using Equation [2] in this, the spoke load reduces to 


where / is the external moment. 


This load is assumed to act at radius r = r,,, the mean value 
between rim radius ro and hub radius r, (Fig. 16). If a = dis- 
tance from mean radius r,, to the point where the fatigue crack 
starts as measured on a test specimen, the calculated nominal 
stress in the spoke will be (using Equation [15]) 


6P,a 12Ma 


bh? r,,bh?n," 


ll 


spoke width at point of failure 
spoke thickness at this point 


Equation [16] gives the stress in the spokes at the point of 
failure. To check on the stress in the rim at the screw holes 
(where failure occurred in some cases), the value of moment M, 
per inch of center line of rim (Equation [3]) may be used. (This 
neglects any contribution to stiffness due to the eccentricity of 
the screws.) Using this, the nominal stress o, in the rim becomes 


ll 


(17] 
t,? TTo Pati? 

The thickness ¢, in this expression should be taken as the thick- 
ness at the point where the fatigue crack starts. For failure 
starting near the holes, this will usually be the rim thickness. 
The nominal stress given by Equation [17] must also be multi- 
plied by a fatigue-strength reduction factor to take into account 
stress concentration near the screw holes in the rim. 

It should be noted that this equation was derived by assuming 
the load p,, (Fig. 17) to act at the mean radius r,,. In cases 
where the flexibilities of the hub and rim are considerably different, 
this assumption, and consequently the results calculated from 
Equations [16] and [17], may be somewhat in error. 
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Measurement of Dynamic Stress and 
Strain in Tensile-Test Specimen’ 


Rosert Lowy.? In making investigations concerning the de- 
flection of elastic walls, caused by quick-changing loads (shock 
water hammer in pipe lines), the writer was interested to find 
tests dealing with similar problems. High-velocity impact tests 
obviously show a certain similarity; and he studied the paper by 
H. C. Mann? and its accompanying very enlightening discussion. 

The present paper is, in a certain way, a further investigation 
concerning the same subject. The main theme of this latest paper 
is of course the introduction of a new method, i.e., the use for 
measurement of the Baldwin strain gage (SR4). A brief ver- 
sion of this paper was previously published by the authors in a 
symposium concerning experimental stress analysis showing 
some larger and clearer diagrams.‘ 

Every critical investigation of new problems shows two kinds 
of results, namely, an objective one and a subjective one. Ob- 
jective results are measurable directly and are demonstrably 
free from objection. Subjective results evolve from a subjective 
interpretation of present measurements. The objective results 
can never be disputed, whereas the subjective results are very 
often objectionable, especially in the case when the foundations 
from which their calculation resulted are not given, so that it is 
impossible to check them. 

This paper gives a real objective contribution in the fact that 
the elongation by the impact tests increases with higher striking 
velocity. This fact is obviously of greatest importance and 
proves that the rupture under impact took place in a quite differ- 
ent way from that of the rupture under slowly rising load. 

The authors found further by interpretation that with strik- 
ing velocity the dynamic breakage energy for the rupture in- 
creases; a very surprising result, indeed. Strangely enough, in 
the paper of Mann,? just the opposite is ascertained and pre- 
sented. 

The new method of measuring the rupture energy by means of 
strain gages shows that with both methods (pendulum method 
and strain gage) the same result will be obtained. 

Concerning the pendulum method, it may be remarked that 
Mann calculated the energy with a very questionable formula, 
challenged in the discussion. In the present paper, it is only 
mentioned that the breakage energy was calculated by the pen- 
dulum method; whether the Mann formula or another for- 
mula was used is not explained. Concerning the new strain-gage 
method and its interpretation, it should be remarked that there 
are circumstances which make the newly obtained results also 
questionable. It should be emphasized that the reduction (Equa- 


tion [1]) of the stress values for the test specimen are objection- 
able. 


1 By R. O. Fehr, E. R. Parker, and D. J. DeMicheal, published in 
the June, 1944, issue of the JourNAL or APPLIED MECHANICS, Trans. 
A.S.M.E., vol. 66, p. A-65. 

* Baldwin Southwark Division of The Baldwin Locomotive Works, 
Philadelphia, Pa. Mem. A.S.M.E. : 

* “High Velocity Tension-Impact Tests,”’ Part 2, by H. C. Mann, 
Proceedings of the A.S.T.M., vol. 36, 1936, pp. 85-109. 

‘ ‘Measurement of Dynamic Stress and Strain in Tensile Test 
Specimens,”’ by R. O. Fehr and E. R. Parker, Proceedings of the 


car for Experimental Stress Analysis, vol. 1, no. 1, 1943, pp. 
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Discussion 


The mathematical presentation of phenomena which exist 
by an impact is given for the displacement ¢ in the fundamental 
equation of waves 

o% d% 
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under consideration of the existing boundary conditions. 
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To obtain a complete understanding, it seems best to analyze 
the course of the wave phenomenon. Reference is made to Fig. 
1 of this discussion, which shows a specimen, a bar, with the 
three sectional parts, areas a), a2, a3. The strain gage is at- 
tached to section 

The explanation will be more general and easier to understand 
if we contemplate this sketch simultaneously as a pipe line filled 
with liquid having three different cross sections a, a2, a3. The 
end surface “Tup” and ‘Pendulum” now represent pistons. 
The solution for the foregoing wave equation is given in the fol- 
lowing relations for a single wave motion: 


Term for: Liquid Bar 
c c 

V t = t =— =f’ 

Pressure or z 

stress p= cof 


Speed of 


1 
propagation p p 


in which E£ is the modulus of elasticity of the bar, ¢ is the combined 
modulus of the pipe. 

At equilibrium a condition of continuity now exists in the liquid 
for the velocity, by the bar for the stress, or we have 


Continuity condition a X v = const o X a = const 


This fundamental difference has the consequence that the re- 
flection calculation will just be reversed in the two cases. A 
wave coming from section a; entering in section az has for cross 
section a2 the transmission factor, t 


ay 
Beal 
\ ae 
ay a 
1 + 1 
j 


A-124 
In the transition section J (from a, to a,) there will be produced 
a reflection traveling backward, i.e., reflection factor, r 


a, & 
a, + 


a+ a 


= 

A water-hammer wave coming to a contraction will be increased 
in the smaller cross section, whereas a stress wave will be de- 
creased. The reflected wave produced on the transition section 
of the contraction is positive in a liquid, negative in a bar. 

It is therefore clear that a traveling single-stress wave, meas- 
ured in cross section a, has to be reduced by means of the trans- 
mission factor t, to obtain the stress in section a;.5 This is ab- 
solutely correct for a traveling stress wave, but it is not valid 
for a steady force for which the continuity condition is decisive. 
This case is the same as a pressure fluctuation in a pipe line, 
which shows the pressure wave superimposed above the static 
pressure. Only the fluctuating part forms the pressure wave for 
which part the transmission factor |, has to be employed, the 
static pressure value has to be determined separately. How can 
this be done? 

What we see, in Fig. 10, of the paper, is the sum of the main 
stress wave produced on the tup and numerous reflected waves 
produced in the sections I, II, III, superimposed on some static 
value. As the cross sections a; and a3 are equal, the reflections 
in the sections I and II will be practically balanced and there 
remains principally the reflection on the end section III. This 
reflection is the reason for the visible undulatory wave form in 
Fig. 10. From this wave form the authors calculated correctly 
the reflection time for the bar with 404 = 40.10~° sec. 

The reflection in the end section III of the test specimen, i.e., 
the transition on the pendulum, is particularly complicated. 
Here, it is the case of a reflection on an elastic boundary which 
shows no simple proportional relations. This case was investi- 
gated for liquid by the writer, and it can be proved that the re- 
flection can be positive or negative, always dependent upon the 
ratio 

Resilience of the boundary wall 
Specific pressure rise in time 


A very steep pressure rise will be reflected negatively on an 
elastic wall; a slow pressure rise will be reflected positively. 
For stresses, just the opposite result is to be expected, i.e., a 
sudden stress rise will be reflected positively and slow stress rise 
will be reflected negatively on an elastic body. If space permit- 
ted, it would be easy to show practical examples which prove the 
appearance of such phenomena. 

From all this we conceive that the exact determination of the 
evaluation of the stresses in cross section a, cannot be made with 
the published measurements. Equation [1] is not sufficient, as it 
takes care practically of only the steady fundamental stress, the 
value of which is unknown. The transmission factor, on 
the other hand, takes care only of the fluctuating-stress wave, the 
value of which is likewise unknown. Fig. 10 gives only the sum 
of both parts. In every case the stress in cross section a2 is smaller 
than given by Equation [1]; consequently, the rupture energy 
is also smaller than calculated by the author. 

It is evident that the correct calculation would be possible if, 
for instance, the stresses in both cross sections a, and a3 were 
known. In this case an analysis of the stress fluctuation could 
be made and the correct value for section a, could be determined. 
In this manner the correct value for the rupture energy could be 
obtained. 

Far simpler would be an arrangement of measurements with 


5 “Longitudinal Wave Transmission and Impact,” part 1, by L. H. 
Donnell, Trans. A.S.M.E., vol. 52, 1930, p. 153. 
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strain gages in the critical cross section a, itself which would al- 
ways bring about directly objective results. 

The dynamic stresses play an important part in practice, and 
tests contributing to an economical calculation are more than 
valuable. It is to be hoped that this instructive paper will be 
productive of such continuations as will result in the accumula- 
tion of practical and much needed information. 


AvuTHors’ CLOSURE 


In the authors’ paper, three values were plotted versus the 
striking velocity. Those values were the dynamic yield strength, 
the dynamic breakage strength, and the dynamic breakage en- 
ergy. The stress measurements to determine those values were 
made in a section corresponding to Section III of Fig. 1 in the 
discussion. Mr. Lowy questions if the stress in the test section 
marked II in the same Fig. 1 can be determined from the meas- 
urements in the other sections either by the use of a stress wave 
analysis as shown by L. H. Donnell,’ or by the use of Equation [1] 
in the paper. 

The analysis by means of stress waves is valid for a traveling 
stress wave as well as for a steady stress when the analysis is 
begun before the force begins to act. Whenever a force is ap- 
plied to a part, a traveling stress wave is set up, which dies out 
rapidly due to damping, and due to imperfect reflections. 

The analysis for the test specimen was begun when the test 
specimen was unloaded, and hence the analysis was valid for 
the time element for which it was conducted, i.e., from the 
beginning of the impact to that instant at which plastic flow 
occurred. - 

During that time, the rise of the stress wave was sudden, and 
the reflections from the end were positive, which was also proved 
by the frequency of the oscillations after breakage, shown in 
the oscillograms for the stress, Fig. 9(a) of the paper. 

This analysis gave the relation between the forces in the Sec- 
tions II and III in Fig. 1 of the discussion, and the dynamic 
yield strength was determined from the measurements in Sec- 
tion III, using that relation. 

After the yield strength was passed, the rise of the force was 
very slow. The magnitude of the traveling part of the stress 
wave was now small compared to the steady-state part for the 
following reasons. 

The total force was built up to a value much larger than the 
value of the traveling component, as shown in a similar way in 
Fig. 15 of Donnell’s® paper. 

The traveling wave has been attenuated by damping, especially 
since the elastic properties have become more viscous resulting 
in a high damping factor. 

Numerous successive reflections have resulted in making the 
forces uniform throughout the specimen. 

For these reasons, steady-state conditions apply when the 
breakage strength is reached, and hence Equation [1] of the 
paper is valid for the calculation of the dynamic breakage 
strength. 

Another question raised in the discussion is the validity of the 
so-called “Mann” formula which was used for the calculation 
of the pendulum energy. This formula was challenged by Pro- 
fessor Sayre* because it did not take in account that the tup, 
the flywheel, and the pendulum were not absolutely rigid. The 
magnitude of this effect, however, was small, as was proved by 
comparing the energy values obtained by this formula with en- 
ergy values obtained by different methods. 

Tests made with the Charpy machine showed that within the 


¢ “High Velocity Tension-Impact Tests,” by H. C. Mann. Dis- 
cussion by M. F. Sayre, Proceedings of the A.S.T.M., vol. 36, part 
2, 1936, p. 104. 
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velocity range of the Charpy machine (up to approximately 20 
fps), the energy values agreed.’ 

The integration of the stress-strain curve furnished the same 
energy values as the pendulum method, and this method should 
furnish the correct energy value regardless of the rigidity of the 
pendulum, of the tup, or of the flywheel. 

The agreement of the energy values obtained by the pendulum 
method with the energy values of the Charpy machine, and with 
the energy values obtained by integration seems to indicate the 
adequacy of the pendulum method within the checked velocity 
ranges. 

The discussion contained the suggestion to measure the stress 
in a section near the pendulum, and near the tup. This has been 
done, and the curves of Fig. 2(a) and (b) of the paper give the 
values obtained from these measurements. 

The discussion contained the further suggestion to locate the 
strain gages within the test section (Section II of Fig. 1 of the 
discussion). 

This has indeed been tried, but it was found rather impractical 
since plastic flow occurred within this section. Strain gages at- 
tached within this section became inoperative before fracture oc- 
curred. It was then tried to measure the strain in a direction 
perpendicular to the axis of the specimen. This, however, made 
the translation of the strain records into stress values rather 
complex and even doubtful, hence the method described in this 
paper seemed to be preferable. 


The Effects of Web Deformation 
on the Torsion of [-Beams’ 


B. J. Aveck.? This significant paper introduces the concept 
of relative deflection between points of the web and flanges of a 
thin-webbed I-beam, loaded torsionally. As already mentioned 
by the authors, an important extension of the work concerns the 
correction which it introduces to the theory for lateral buckling. 

It is to be noted that an I-beam is an inefficient member tor- 
sionally, and therefore would seldom be used in aircraft struc- 
tures where this loading is present to any great extent. 

A similar correction, however, arises in the case of the closed 
box beam. The box beam forms the basis for wing design and 
for the design of many torsionally resistant structures. In a 
two-spar wing, for example, a box is formed by the upper and 
lower wing surfaces and by the front and rear spars. The prac- 
tical problem is somewhat complicated by the presence of vertical 
stiffeners and regularly spaced 
eutouts in the spar webs. An 
indication of the importance 
of the web deflection on the 
torsional stresses could be ob- 
tained, however, even with 
these factors neglected. 

The importance of the gen- 
eral problem of the distortion of 

Effect of Strain Rate 
Upon the Tensile Impact 
Strength of Some Metals,” by 
E. R. Parker and C. Ferguson, 
Trans. American Society for 
Metals, vol. 30, 1942, pp. 68-85. 

1 By J. N. Goodier and M. 
V. Barton, published in the 
March, 1944, issue of the Jour- 
NAL OF APPLIED MECHANICS, 


Trans. A.S.M.E., vol. 66, p 
A-35. 


Research Laboratory, Air- 
plane Division, Curtiss-Wright 


cross sections under load may be illustrated by the results of 
tests designed to measure the torsional stiffness of a complete 
wing structure. The displacements of at least four chordwise 
points per cross section are usually measured. To find the angle 
of twist of a cross section which does not deform, it is unimportant 
which two points of the cross section are used; any two will give 
the same angle. The test results, however, usually indicate 
different angles of twist, depending upon which set of points is 
considered as representative of the cross section. This is evi- 
dence that the cross section of actual structures do deform under 
torsional loading. 


R. L. Tempun.*? The theoretical analysis presented by the 
authors regarding the behavior of I-beams under torsional forces 
would be expected to apply more closely to the actual behavior of 
such members when the material of the members is stressed 
within the elastic range. In some structures, however, it may be 
desirable to know more about the behavior of such members in 
the plastic range. 

In certain structural research work being carried out in the 
Aluminum Research Laboratories, investigating the behavior of 
aluminum-alloy I-beams, H-sections, channels, and zees under 
torsional loads up to point of rupture, some rather interesting be- 
haviors in the plastic range have been observed. In Fig. 1 of this 
discussion are shown some of the specimens after ‘testing to 
failure. Reading from the top down, the first four specimens are 
I-beam or H-beam sections (flange width 2 in., depth 2'/, in., 
webs and flanges '/s in. thick), while the bottom specimen is a Z- 
section made by removing diagonally opposite flanges from the 
H-section. In these specimens, the ratio of outstanding flange 
width to thickness is 7'/; : 1 and the ratio of the clear depth of the 
web to its thickness is 18:1. 

Material from these experimental aluminum-alloy sections had 
a tensile strength of 75,900 psi, a yield strength (0.2 per cent 
offset) of 69,500 psi, and an elongation in 2 in. of 17.9 per cent. 

In testing these specimens, initial failures tend to occur at the 
ends of the grips in the form of short buckles in the outer edges 
of the flanges. Subsequently rupture occurs in these buckles. 
The triangular deformation pattern in the webs persists through- 
out the specimens of the proportions indicated. It may.be noted 
also that a secondary type of failure occurs by longitudinal frac- 
ture in the center of the flange, after the flanges have bent inward 


* Assistant Director of Research and Chief Engineer of Tests, 
Aluminum Research Laboratories, Aluminum Company of America, 
New Kensington, Pa. Mem. A.S.M.E. 
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over the web. Such fracture may be seen in the middle specimen 
of the group shown in Fig. 1. 

The triangular pattern, obtained in the plastic deformation of 
the webs of these specimens, reveals the effect of compressive 
stresses in the web and suggests that in some cases it may be 
necessary to consider the possibility of web buckling within the 
elastic range. 


AvurTHors’ CLOSURE 


The authors are indebted to Messrs. Aleck and Templin for 
their valuable discussions. An analysis similar to that made in 
the paper could be made for thin-webbed box beams and would 
undoubtedly account for some distortion of section not only near 
the root but wherever the twisting moment exerted by the loads 
varies along the axis. If open section conditions should exist, 
as at a cutout in a wing made, for instance, to accommodate land- 
ing gear, they will frequently be confined to a short length, and 
then the effect of the cross-section deformation will probably be 
significant, as Figs. 14, 15, 16, and 18 of the paper indicate. 

Mr. Templin’s account of the twisting to failure of various 
sections demonstrates very effectively the existence of compres- 
sion in the flanges, and in addition the curious triangular buck- 
ling pattern of the web. In the severely twisted beam, if the 
central axis is unstretched, the fibers along top and bottom of the 
web are considerably extended on account of their helical form. 
In fact of course the middle part will be put in compression and 
the stretch of the outer parts reduced so as to have zero longitu- 
dinal resultant foree—provided the grips permit axial movement 
freely. The compressive stress in the middle may be responsible 
for the buckling. It is not at all unlikely that this buckling is a 
large deflection phenomenon as the hexagonal buckling of the 
compressed cylindrical shell is known to be. 


Heat Effects in Lubricating Films’ 


P. G. Exuine.? The author has made an important contribu- 
tion to the thermodynamics of lubricating films in this paper. 
Although the conditions of operation are rarely encountered in 
engineering applictions, the results are undoubtedly of use for 
lightly loaded, high-speed bearings. Certainly the concentric 
bearing lends itself most readily to analysis and experimental 
confirmation. 

It is suggested that, with an expression for the variation of 
viscosity across the film available, the next step would be to 
derive an expression for the flow of oil from the central circum- 
ferential groove to the ends of the bearing. This would provide 
a sensitive measurement of h which will vary with the tem- 
peratures and heat losses. Even though both bearing and journal 
be made of the same material, a large radial temperature gra- 
dient will exist in the bearing setting up thermal stresses which 
will prevent its expanding as rapidly as the journal which is at a 
uniform temperature throughout. This may explain some of the 
discrepancies mentioned by the author. 


1 By A. C. Hagg, published in the June, 1944, issue of the JouRNAL 
or AppLiep Mecuanics, Trans. A.S.M.E., vol. 66, p. A-72. 

2 Engineer, Instruments and Lubrication Research, Gulf Re- 
search & Development Company, Pittsburgh, Pa. Mem. A.S.M.E. 
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From time to time the writer has been confronted by the 
question of the existence of turbulence in the oil film of a bearing. 
The agreement of the experimental work with the analysis, based 
on viscous behavior, would indicate that turbulence would not 
be encountered in range of surface velocities and clearances 
covered by these tests. 


AuTHOR’s CLOSURE 


It should be pointed out that internal heating of the lubricating 
film of a bearing is approximately the same whether the bearing 
is loaded or unloaded. While the formulas for shearing stress 
are primarily applicable to concentric or unloaded bearings, the 
results should emphasize that the maximum shearing stress, and 
hence the maximum load, of a bearing is diminished by film 
heating. ‘ 

Mr. Exline suggests that differential thermal expansion of the 
journal and bearing would alter the film thicknesses, and this is 
of course true; however, the temperature of the journal and the 
temperature distribution in the bearing were known and the 
necessary corrections were made. It appears that the basic 
measurements of bearing and journal diameters are the major 
source of error in the accepted film thicknesses. 

In the oral discussion at the meeting Mr. Hersey asked for a 
comparison of Mr. Kingsbury’s graphical method? and the pres- 
ent formulas. Considering an example which Mr. Kingsbury 
used to illustrate his method we have the following data in the 
dimensions of inches, pounds, seconds, and deg F. 


Surface speed of the journal, U = 2000 

Temperature of the journal surface, 6. = 140 
Temperature of the bearing surface, 6, = 100 
Conductivity of the oil (avg), K = 0.0163 

Viscosity of the lubricant at 140 deg, uw, = 1.50 X 10-6 
Viscosity of the lubricant at 100 deg, 4; = 3.29 X 1078 


Using the viscosity data at temperatures 6; and 62, to evaluate 
the constants in the logarithmic viscosity formula we can readily 
On the basis of 
the maximum film temperature 6) we might make a more appro- 
priate choice of temperatures for evaluating the constants in the 
viscosity formula, say, 115 F and 150 F, and we get the more 
accurate results of column 2. Column 3 of the table gives 
Mr. Kingsbury’s corresponding results. It can be noted that the 
percentage difference between the results of the formulas and 
Kingsbury’s graphical method are about 1 per cent or less. 


Table 
Quantity Formulas Kingsbury 
(1) (2) (3) 
Max film temp, 4% 165.6 166.5 166.6 
Shearing stress, S, 
(h = 0.0010 inch) 2.48 2.54 2.568 


The foregoing comparison illustrates that the advantages of the 
formulas in speed and convenience of calculation, and the in- 
herent advantages of the analytical method are not gained at the 
sacrifice of accuracy. 


3 “Heating Effects in Lubricating Films,” by Albert Kingsbury. 
Mechanical Engineering, vol. 55, 1933, pp. 685-688. 
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Book Reviews 


Handbook of Material Testing 


HANDBUCH DER WERKSTOFFPRUFUNG. Springer, Berlin, 1940-1941. 
Three volumes, 6!1/4 X 91/2in. Vol.1: ‘‘Prif-und Messeinrichtun- 
gen,”’ by Erich Siebel, xiv and 658 pp., $23; Vol. 2: Prafung 
der metallischen Werkstoffe,"’ by Erich Siebel, xvi and 744 pp., 
$24.20; Vol. 3: ‘‘Die Prifung nichtmetallischer Baustoffe,”’ by Otto 
Graf, xxvi and 800 pp., $24.10. Published and distributed in the 
public interest by authority of the Alien Property Custodian under 
License No. A.231. Photo-Lithoprint Reproduction: Edwards 
Brothers, Inc., Ann Arbor, Michigan, 1944. $70 the set. 


REVIEWED BY GEORGE Sacus! 


HIS three-volume “Handbook of Material Testing’ appar- 

ently intends to replace the old standard work by Martens 
and Heyn: ‘“Materialienkunde fuer den Maschinenbau,” which 
appeared in 1912 and has not received a second edition after the 
deaths of Martens and Heyn. However, while this monumental 
work was the lifework of the two distinguished scientists, the 
new handbook contains articles on the various phases of testing 
materials by almost 60 different authorities. Consequently, the 
treatment of the individual chapters does not conform to the same 
pattern and the same standard. It varies from detailed descrip- 
tions of special testing equipment, such as that of machines for 
endurance and impact tests, to rather speculative discussions of 
some border phases of material testing, such as those on the physi- 
cal fundamentals of the metallic state and on investigations re- 
garding the theory of strength. Also, the subdivision into three 
volumes: Vol. 1, “Testing and Measuring of Metallic Materials,” 
Vol. 2, “The Testing of Metallic Materials,’ and Vol. 3, “The 
Testing of Nonmetallic Materials’ causes some overlapping and 
duplication. 

In the opinion of the reviewer, the first volume is the most 
valuable of this series. It describes on almost 650 pages, illus- 
trated by a very large number of diagrammatic representations, 
the principles and structural details of equipment for static, im- 
pact, fatigue, and special tests, the strain gages, the methods of 
photoelasticity and X-ray stress measurement, the nondestruc- 
tive testing methods, i.e., radiography and magnaflux, and the 
inspection and maintenance of testing equipment. Unfortu- 
nately, a considerable portion of the other volumes is also dedi- 
cated to special equipment, such as in volume 2 for creep tests, 
for the testing of bearings, for the measurement of physical con- 
stants, for X-ray diffraction, for metallographic investigations, 
and for various technological tests. On the whole, these general 
portions of the book provide a very complete description of testing 
equipment, in so far as the general principles are concerned. The 
specific equipment described is, with very few exceptions, of 
German origin or frequently a German reproductionof American or 
other equipment. This is rather regrettable, as the older German 
literature of this type frequently constituted the major source for 
the comparison of the techniques used in various countries. Never- 
theless, the large volume of the material assembled, condensed, 
and described in detail renders this portion of the book superior 
to any other publication known to the reviewer. 

One deficiency however is rather unexplainable. While X-ray 
stress measurements are treated in detail on 24 pages, the much 
more important mechanical methods of determining residual 
stresses are hardly mentioned and are not discussed in detail. 


: ' Professor of Physical Metallurgy, Case School of Applied Science, 
Cleveland, Ohio. Mem. A.S.M.E. 


Such methods have proved their large practical value during re- 
cent decades; and the latest technical developments involving 
considerable strengthening of structural members are based on 
the possibility of measuring and evaluating residual stresses. 

The second volume contains, in addition to special chapters, a 
more general discussion of the metal properties, ranging from 
their physical fundamentals to those obtained from the various 
standard testing methods, such as tension, compression, etc., and 
other special methods, such as wear tests, machining tests, ero- 
sion and corrosion tests, and metallographic, chemical, and spec- 
troscopic investigations. It seems impossible to cover all these 
divergent subjects thoroughly in a single volume, and therefore 
the book would have been more valuable without these sections. 

The third volume deals with the testing of nonmetallic struc- 
tural materials. Rubber is not included. The reviewer is not 
sufficiently familiar with these subjects to offer any pertinent 
comments and criticisms. It appears, however, that the content 
of the third volume follows the pattern of the first volume rather 
than that of the second volume, offering a large amount of factual 
information. 

In conclusion, it may be emphasized that this book attempts 
to eliminate, with a certain success, a very serious shortage in 
modern technical literature. Most recent publications are text- 
books which simplify the problems in order to educate a large 
number of engineers. On the contrary, very little information of 
the encyclopedic type, which is desired by the specialist in in- 
dustry, has been published in English, probably because of the 
excessive amount of work involved. Certainly the rather sub- 
stantial price of the book reviewed is only a small fraction of the 
labor cost which it can save when special testing equipment 
must be built, or when the literature concerning a specific field of 
material testing must be studied. 


Materials and Processes 


MATERIALS AND Processes. Edited by James F. Young. John 
Wiley & Sons, Inc., New York, N.Y., 1944. Cloth, 5!/2 & 8!/,in., 
vii and 628 pp., illustrated, $5. 


REVIEWED BY PETER E. KyYLe? 


THs is a book prepared by several engineers of the General 

Electric Company for use in their advanced engineering 
program. It is divided into two equal parts, one devoted to 
Materials and the other to Processes. 

Part 1 is written in suitable style for a textbook, starting with 
the nature of pure metals and followed by chapters on alloys, 
mechanical properties of metals, iron and steel, nonferrous metals 
and alloys, heat-treatment, corrosion, magnetic properties of 
materials, electrical properties of materials, electrical insulation, 
and plastics and their molding. The chapter on mechanical 
properties of metals, although not too lengthy, is much more 
complete than is found in previous texts on materials. The short 
chapter on iron and steel is perhaps adequate for the purposes of 
the author but should contain more detail for general use. The 
absence of S.A.E. numbers is noticeable. The chapters on non- 
ferrous metals and alloys and on heat-treatment are brief but 
adequate. The subject of precipitation hardening in nonferrous 
metals is excellent, while more could have been said about the 


2 Associate Professor of Mechanical Engineering, Massachusetts 
Institute of Technology, Cambridge, Mass. Mem. A.S.M.E. 
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surface-hardening processes for steels. Corrosion is given ex- 
cellent treatment and, combined with the chapter on cleaning, 
plating, and finishing of metals in Part 2, offers the reader excellent 
information on the theory of corrosion and the protection of 
metals. The chapters on magnetic and electrical properties and 
electrical insulation are of special interest to the G. E. student 
and are well written although they are somewhat lengthy for 
general use in a text on materials. Aside from the good chapter 
on plastics there is only a limited discussion of other nonmetallic 
materials of general interest to the engineer. 

Part 2 is excellent throughout and is devoted to processes 
such as casting, powder metallurgy, hot and cold working, welding 
and allied processes, machining, gaging, inspection and quality 
control, and cleaning, plating, and finishing of metals. The brev- 
ity in discussing each process and the excellent sketches and il- 
lustrations based on modern industrial practice serve to make this 
the best treatment of this broad subject seen in book form. 


Mathematical and Physical Principles 
of Engineering Analysis 


MATHEMATICAL AND PuysicaL PRINCIPLES OF ENGINEERING ANALY- 
sis. By Walter C. Johnson. First edition. McGraw-Hill Book 
Company, Inc., 1944. Cloth, 51/2 X 8!/3 in., x and 346 pp., 
illustrated, $3. 


REVIEWED By A. M.: Want? 


‘THs book, based on courses in engineering analysis which 

the author has given for the past several years to engineering 
students at Princeton University, presents the underlying mathe- 
matical and physical principles of importance to engineers, par- 
ticularly those engaged in analytical work. The problems and 
illustrations used have been drawn from a number of different 
fields of engineering, most of them being mechanical or electrical, 
however. 

The first two chapters treat some of the essential methods of 
approach for successful engineering analysis and the basic physi- 
cal laws which underlie many engineering problems. Such sub- 
jects as conservation of energy, Newton’s laws, d’Alembert’s 
principle, conservation of momentum, principle of virtual dis- 
placement, Kirchhoff’s laws, induced voltage, constant-flux link- 
ages, and energy stored in inductive circuits are considered. 
Succeeding chapters treat such topics as transient and steady- 
state conditions, method of setting up equations based on funda- 
mental physical laws, graphical and numerical solution of differ- 
ential equations, vector representation of sinusoids, dimensional 
analysis, Fourier’s series, and systems with distributed constants. 
A useful chapter for engineers is the one on checking of equations 
by dimensional and limiting-case methods. The subjects treated 
also include transient and steady-state mechanical and electrical 
oscillations, resonance, forced vibration, traveling waves. 

To illustrate the fundamental principles discussed and also to 
serve as exercises for the student, a large number of problems, 


3 Mechanics Department, Westinghouse Research Laboratories, 
East Pittsburgh, Pa. Mem. A.8.M.E. 
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drawn from different engineering fields, are given. Many of 
these have arisen in actual engineering practice. The book also 
includes considerable material on differential equations, and as 
stated by the author “is intended to form a firm foundation for 
more advanced work.” 

The reviewer has found this book very readable, and it is his 
opinion that it should be of considerable value not only to stu- 
dents who intend to specialize in engineering analysis, but also to 
practicing engineers, particularly those in the electrical and 
mechanical fields. 


Vibration 
VIBRATION ANaLysis. By N. O. Myklestad. First edition. Mce- 
Graw-Hill Book Company, Inc., New York, N. Y., 1944. Cloth, 


51/4 X 8!/qin., 307 pp., 109 illustrations, $3.50. 
KevVIEWED BY C. RicHARD SODERBERG* 


[IS this little book the author has managed to include most of the 

conventional aspects of elementary vibration analysis as well 
as a considerable amount of more difficult material in connection 
with practical problems, such as torsional vibrations and wing 
flutter. 

The first four chapters cover the usual material presented in a 
reasonably complete first course on the subject. The fifth 
chapter is an introduction to systems with several degrees of 
freedom, abbreviated somewhat by omitting the usual proofs of 
orthogonality. The remainder of the book is devoted to ex- 
amples of practical applications to more or less complicated 
systems, each treated by specific methods and each method pre- 
sented in sufficient detail to enable the reader to become versed in 
its application. 

The only criticism that can be raised against this excellent 
contribution to the literature on mechanical vibrations, is that 
the first five chapters do not give adequate emphasis to the basic 
principles behind the methods developed in the section on ap- 
plications. Part of this could not be corrected without unduly 
enlarging the book, but certain minor additions could improve 
the co-ordination between the two parts. Certain simple as- 
pects of self-excited vibration would help in understanding the 
wing-flutter problem. If the discussion on Rayleigh’s principle 
were made a part of the chapter on systems with several de- 
grees of freedom, and if it were also extended to include the 
iteration methods, which follow logically for systems in which the 
potential energy can be expressed as a function of the forces, 4 
firmer basis would be laid for the more complicated problems of 
application. 

This criterion loses its validity if the book is used in connec- 
tion with several well-known treatises to which reference is made 
The first section of the book i8 well illustrated with examples and 
problems. 

The book is certain to be found useful not only in educational! 
work on this subject, but also for practicing engineers working 
in the fields covered by the practical applications. 


4 Professor of Mechanical Engineering, Massachusetts Institute o! 
Technology, Cambridge, Mass. Mem. A.S.M.E. 
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Direct Analysis of Mechanical Wave Filters 


By R. C. BINDER,! WEST LAFAYETTE, IND. 


Certain basic mechanical-filter sections are analyzed 
directly by means of the mobility method. Following the 
development of general relations is a discussion of low-, 
high-, and band-pass filters. Both filter structure and 
characteristics are treated. 


HE characteristics of certain types of mechanical systems 

can be employed to separate mechanical vibrations of 

different frequencies. Any system of mechanical elements 
which possesses definite properties of frequency discrimination 
and which is capable of separating mechanical waves of different 
frequencies will be called a mechanical ‘‘filter.’’ Basic explicit 
concepts of different filter types should be useful for a wide 
variety of purposes. 

Electric wave filters have been investigated by Campbell (1),? 
Zobel (2), Johnson (3), Shea (4), and others. Advantage of this 
work might be taken by using the electrical analogy for the 
analysis of mechanical filters. Although the electrical-analogy 
method has some desirable features, it may involve some diffi- 
culty and confusion in actual applications, particularly for com- 
plicated systems. For one thing, the electrical-analogy method 
is direct in some respects and indirect in others. On the other 
hand, the mobility method developed by Firestone (5) offers 
numerous advantages for the vibration analysis of linear mechani- 
cal systems. The mobility method is completely direct, depends 
solely on the mechanical properties of mechanical elements, 
and is particularly convenient and enlightening for complicated 
systems. 

The purpose of this paper is to give an explicit formulation and 
interpretation of certain basic mechanical-filter sections by the 
mobility method. Some general features of the method of 
approach will be given first, to be followed by a discussion of low- 
pass, high-pass, and band-pass filters. 


ASSUMPTIONS AND NOMENCLATURE 
The following assumptions are made: 


(a) That attention is limited to forced or free vibrations in 
normal modes. 

(b) That only linear mechanical systems are involved. 

(c) That each mass and spring is concentrated or “lumped.”’ 


(d) That each spring force is directly proportional to the dis- 
placement. 


The following nomenclature is used: 


j=V-1 

F = force, as pounds 

8 = linear displacement, as inches 

v = linear velocity, as inches per second 


' Professor of Mechanical Engineering, School of Mechanical and 
Aeronautical Engineering, Purdue University. Mem. A.S.M.E. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Applied Mechanics Division and presented at 
the Annual Meeting New York, N. Y., Nov. 27-Dec. 1, 1944, of 
THE AMERICAN SocteTy OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until Oct. 10, 1945, for publication at a later date. Discus- 
sion received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


a = linear acceleration 
m = mass of an element, as slugs 
WwW 
f = frequency of vibration, as cycles per second = 9 
us 
w = circular or angular frequency, as radians per second = 
2xf 
t = time 
1 = compliance of a spring, displacement produced across a 
spring by unit force acting through spring, reciprocal 
of spring constant, as inches per pound 


z = _ = mobility of an element or a group of elements, a com- 
plex number, as inches per second-pound 

K = propagation factor 

0 lag angle 


Tue Mosiuitry Meruop 


The velocity across an element is the velocity of one of its 
terminals relative to its other terminal. The force through an 
element refers either to the acting or to the reacting force on an 
element. The force through implies either a tension or compres- 
sion. For example, consider a spring with one terminal A and 
the other terminal B, with a force F acting at each terminal to 
produce movement and compression. The velocity across the 
element is the velocity of A with respect to B, and the force 
through the element is F. , 

The mobility (ease of motion) z of an element (or a group of 
elements) is the ratio of velocity amplitude across the element to 
the force amplitude through the element. The mobility is a 
complex number. Its absolute value is the amount of velocity 
produced by unit force; the mobility angle is the angle by which 
the velocity leads the force. 

For simple harmonic action and using complex numbers the 
following relations hold: 


Instantaneous 
value Amplitude 

Displacement 8; = sel 8 

Velocity = v = jus 

Acceleration a; = ae a = = 

Force F,; = Fei PF 

The mobility of a spring is z = jwl, and the mobility of a mass is 
z=— 

wim 


A “series” connection of mechanical elements is one in which 
the same force acts through all the elements, whereas the total 
linear velocity across the combination is the sum of the velocities 
across the individual elements. A “‘parallel’’ connection of ele- 
ments results in the same velocity across all the elements, whereas 
the force through the combination is the sum of the forces through 
the individual elements. 

Thus the mobility of a series connection of elements is 


where 2, 22, and z; are individual mobilities. 
parallel combination of elements is 


The mobility of a 
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The following symbols will be employed in drawing diagrams: 


Stationary 
terminal 
—{ Mass 
Spring 
Force 
vibrator 


In drawing a schematic diagram of a vibrating system, those 
terminals of elements which move together in the system are con- 
nected together in the schematic diagram. Those terminals 
which are stationary are connected to the stationary-terminal 
symbol. A “force vibrator” will impress a definite force ampli- 
tude on any mechanical system to which it may be connected 
regardless of the mobility of that system. 

As an example of the notation, consider the simple spring-mass 
system shown in Fig. 1, in which (a) shows the structure diagram. 
An oscillating force F sin wt is applied to the mass. The sche- 
matic diagram, Fig. 1(b), shows the elements in parallel because 
one terminal of each element is the fixed point, and their other 
terminals are fastened together. The mobility of point B is 


1 
am 


Since a vibrating force of amplitude F is applied at point B, the 
velocity amplitude at B is z,F. 
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GENERAL FILTER RELATIONS 


The basic units of a filter analysis can be considered as the 
symmetrical T and x sections shown ir Figs. 2 and 3. Each 
rectangle in Figs. 2 and 3 functionally represents any kind of 
mechanical element, as a mass, a spring, or a resistor. The 
mobilities of the elements in the sections are labeled as indicated 
in Figs. 2 and 3, in order to make the algebraic expressions for 
some of the filtering characteristics the same for both the T and x 
sections. 

The mobility at point A in Fig. 2 is 


Various cases might be treated, depending on the mobilities 
z,andz,. The case will be treated in which z4 = z,. Then 


Fora T section, there results 


For the system shown in Fig. 3, z, is the continued fraction 


1 
222 


Fig. 4 shows several T sections connected together in a system. 
Force F is the force amplitude delivered by the force vibrator. 
At the junction B, F, is the force amplitude transmitted to the 
right, through junction C. Force (F; — F:) is the force amplitude 
through element H. A consideration of the relative velocities of 
points A, B, and C yields 


+ 5 = = — Fr) 


(for T sections) 
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Fie. 4 System Turee T-Sections 


Treating other sections in the same manner shows that 


A consideration of velocities for the system shown in Fig. 5 
shows that (for + sections) 


Treating other sections in the same manner shows that Equation 
[6] holds for both # and T sections. 

The following convenient relations are obtained by using 
Equations [2], [4], [5], [6], and [7] 
(For T sections) 


= 


(For z sections) 


21 a 

Vtgt 
2 2 
1 
Van 


Equations [8] and [9] are similar in form because of the choice 
of labels. The form is convenient for computation purposes. 


The complex number - will be expressed in the form 
2 


in which K will be termed a “propagation factor.” The magni- 
tude of the force amplitude F, divided by the magnitude of the 
force amplitude F; gives the factor K. Term @ will be the “lag 
angle,” the angle of lag of F; with respect to F;. 


' 
<2 4 
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As shown in Figs. 4 and 5, let » be the velocity amplitude of 
point A, »; the velocity amplitude of point C, and », the velocity 
amplitude of point Z. Then 

= 2,F; 
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The factor K and the angle @ thus apply to both the force and 
velocity amplitudes. Relations for displacement amplitudes 
will be reserved for discussions in which the element types are 
specified. 

Types or FILTERS 


A “low-pass”’ filter will transmit freely all frequencies below a 
critical or “cutoff” frequency and will reduce materially the 
amplitudes of all frequencies above this critical frequency. A 
“high-pass” filter will transmit freely all frequencies above a 
critical or cutoff frequency and will reduce materially the 
amplitudes of all frequencies below this critical frequency. A 
“band-pass” filter wiil transmit freely all frequencies within a 
specified continuous band and materially weaken the amplitudes 
outside of this band. A “band-eliminator’” filter will transmit 
freely all frequencies except those in a specified band. 

Since band-pass and band-eliminator filters can be built up from 
combinations of high- and low-pass filters, attention will be con- 
centrated on the characteristics of high- and low-pass filters. 


Low-Pass FILTER 


The foregoing relations for T and x sections are general, holding 
for all types of mechanical elements, including resistors. In the 
following, however, frictional resistance will be neglected. 


(b) 
Fie.6 Low-Pass FILTER 


In Fig. 6(a), X and Y each represent a system of elements at 
the ends of the filter sections. Let an oscillating force F; sin wt 
be applied at point A. The schematic diagram is shown in Fig. 


6(b). Inthiscase 2, = juk ahd 2 = ———. 
wm 


Consider the displacement of the mass in each filter section. 
Let 8, be the displacement amplitude of the first mass at the left 
in Fig. 6. Let s; be the displacement amplitude of the next mass 


ontheright. Sincev = jwsandz = ; 
— Fs) a(F; — Fs) 
je je 
F,— P, 
- = 12 
& P; 


Thus 
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for the low-pass filter section. A study of K and @ with different 
frequencies will then describe completely the behavior of the filter 
section for displacement, velocity, and force amplitudes. 

For this case Equation [8] becomes 


° . 
+ — 180 + 180° 
F, v; 4 
= F = = Ke? = 
2 wlyme w lime 


... [14] 


Equation [14] was employed for computing the results shown in 
Fig. 7. The abscissa w V/ lm: is a dimensionless ratio. 
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Fic. 7 CHARACTERISTICS OF A Low-Pass FILTER SECTION 


9 
Fig. 7 shows that the cutoff frequency is w = Vi radians 


per unit time. Term AK is unity when w V lim: equals 2 or is 
less than 2; the force, displacement, and velocity amplitudes are 
transmitted freely from one section to the next without any 
diminution. The low frequencies pass through freely. The lag 
angle varies from 0 to 180 deg as w V lim: varies from 0 to 2. 
Term K is greater than 1 above the cutoff frequency; the 
magnitude of the force, displacement, and velocity amplitudes is 
diminished in the transmission from one section to the next. 
The lag angle is always 180 deg above the cutoff frequency. 

As an example, a stretched string loaded at equal intervals 
with identical mass particles acts as a low-pass filter for trans- 
verse waves. Let 7 be the string tension, m the mass of each 
particle, and a the distance between the equally spaced particles. 
Assume that the number of particles, or sections of the string, is 


very large. In this case m; = m andl, = 3 The cutoff fre- 


quency fy becomes 


1 | ; 


lime 


which is exactly the relation given by Crandall (6) for the highest 
natural frequency using the Lagrangian method. At this cutoff 


frequency = 1. The angle of lag of with respect to s; is 180 
192 
deg. These results are identical with those given by the classical 


analysis. The cutoff freauency is the frequency of a normal 
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mode for the infinite system, in which neighboring masses execute 
similar oscillations. 

As another example, a long shaft with identical disks at equal 
intervals acts as a low-pass torsional filter. Let 


@ = angular velocity across an element, as radians per 
second 
M = torque through an element, as pound-inches 
torsional mobility of an element 
7, = moment of inertia of each disk 
C, = torsional compliance of shaft between disks, angular 


displacement per unit torque 


The schematic diagram for two low-pass torsional filter sections 
in a system would be similar to that given in Fig. 6(b), with the 
following substitutions: (a) Torsional vibrations instead of 
linear, (b) moments instead of forces, (c) angular displacements 
and velocities instead of linear displacements and velocities, and 
(d) moments of inertia instead of masses. Carrying the analysis 
through in a manner similar to that used for linear vibrations 
gives for the cutoff frequency fo 


Von 


SERIES CONNECTION OF MASSES 


Some filter-section types, as high-pass, involve a series connec- 
tion of masses. Placing masses in series raises a question as to 
structure and interpretation. This question then will be con- 
sidered before treating filters further. 

The general relations given by Equations [8] and [9] were de- 
rived on a functional basis. Functionally, a series connection of 
masses means that all of the masses in the series are subject to 
the same force and that the velocity across the combination is 
the sum of the separate velocities. A series connection can be 
approximated by the use of levers or gears. It does not seem 
possible to connect masses in series in a very simple manner (as 
can be done, for example, with springs). 

Fig. 8(a) shows the functional diagram for a connection of two 
masses in series. The force vibrator delivers the same force 
through each mass. The velocity across mass No. 1, taken 
separately, is x, = Fz. Across mass No. 2, the velocity is », = 
Fz. The velocity across the combination, or the velocity of 
point A, is 

v4 = F(z, + 2) 


A series connection of two masses can be realized with various 
combinations of mechanical elements. For example, gears and 
racks might be used. Let the equivalent instantaneous linkage 


No./ No.2 
A 
42 
— 
(a) 
Mass No./ 
ci 
— Mass No.2 


(b) 
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be represented by the four-bar linkage shown in Fig. 8(b). Each 
lever is massless, resistanceless, and springless. Force and veloc- 
ity requirements are met if the lever ratios are 

D a B 22 H 21 


Then the velocity of point A is v4, = F(z; + 2). Each mass is 
subject to the force F, and each mass has its proper velocity. 


HiGcu-Pass FILTERS 


With the notation used in Fig. 4, a low-pass filter was formed 
by using a spring mobility for z,, and a mass mobility for z:. A 
high-pass filter section can be formed by employing a mass 
mobility for 2, and a spring mobility for z.. In this latter case 


‘ 
z, = — and = 
wm 
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Fig. 9 shows the functional diagram for the case of two high- 
pass filter sections in a system. 

Let 8; be the displacement amplitude of mass No. 1, and s, the 
displacement amplitude of mass No. 2. Use of the relation v = 
ws and Equation [8] shows that 


+ 
Kei® \ 
=> = = e = 


82 v2 2 1 1 
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A study of K and @ with different frequencies will then describe 
completely the behavior of the filter section for displacement, 
velocity, and force amplitudes. Equation [18] was employed for 
computing the results shown in Fig. 9. 
| 

2 V/ lam, 
per unit time. AK is 1 whenw V lm, equals 0.5 or is greater than 
0.5; the force, displacement, and velocity amplitudes are trans- 
mitted freely from one section to another without any diminution. 
The high frequencies pass through freely. A is greater than 
unity below the cutoff frequency; the magnitude of the force, 
displacement, and velocity amplitudes are diminished in the 
transmission from one section to the next. The lag angle is 
always 180 deg below the cutoff frequency. 


Fig. 10 shows that the cutoff frequency is w= radians 


COMBINATIONS OF FILTER SECTIONS 


Various types of band-elimination and band-pass filters can be 
formed by combining low-pass and high-pass filter sections. The 
cutoff frequency is the frequency of a normal mode in which 
neighboring masses execute similar oscillations. A mechanical 
system with two such normal modes behaves as a band-pass filter. 
A simple general relation can be developed for the limits of a 
band-pass region; K equals 1 in a band-pass region. Then 


: 


9 
F, Py 19) 


In Fig. 4, the point B represents a junction of the terminals of 
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Fic. 11 Banp-Pass SeEcTIONS 


several elements. Each terminal has the same velocity as the 
junction. A study of the velocities of points B and D yields 


aF, + 22(F2 F;) 2.(F; — F,) = 0. [20] 


Combining Equations [19] and [20] gives 


+: 
Since cos @ can vary only between the limits of +1 and —1, 
the pass-band regions are limited to those regions in which 


. (22] 


The same reasoning applies to displacement and velocity ani- 
plitudes. 

As an example, one type of band-pass filter will be discussed, a 
model of which was built by West (7). In Fig. 11(a), a series of 
identical masses are equally spaced along a string. Each mass is 
also connected by a coiled spring to a fixed frame. Let T be the 


string tension, m the mass of each particle, a the distance between 
particles, and c the compliance of each coiled spring. Fig. 11(b) 
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shows the schematic diagram, which consists of T sections of the 
form shown in Fig. 2. In this case 


- a4 
joc 

wm 


Let «; and w: be the cutoff frequencies limiting the pass band. 
Application of Equation [22] shows that 


fa 
= 
mc 


The behavior of West’s model agreed with these mathematical 
results. A torsional band-pass filter which is mechanically 
similar to the linear filter is given by von Kd4rmdn and Biot (8). 


CoNCLUSION 


In conclusion, it is to be noted that the foregoing method of 
analysis is direct and does not involve any analogy or differential 
equations. The assumptions are reasonable for a number of prac- 
tical cases. Torsional vibrations can be studied in the same 
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fashion as linear vibrations. Various types of band-elimination 
and band-pass filters can be formed by combining low-pass and 
high-pass filter sections and can be treated in the same general 
manner. 
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A New Device for the Solution of Transient- 


Vibration Problems by the Method of 
Electrical-Mechanical Analogy 


By H. E. CRINER,! G. D. McCANN,? ano C. E. WARREN? 


This paper describes a new device, the mechanical-tran- 
sients analyzer, for solving transient-vibration problems 
by the principle of electrical-mechanical analogy. Analo- 
gous electrical circuits are used to represent a mechanical 
system. For these, special low-loss electrical elements 
have been developed so that low-loss mechanical systems 
can be studied. The transient excitation functions, such 
as force, displacement, or velocity, are applied to the 
equivalent mechanical circuit as transient voltages or cur- 
rents by means of special electrical circuits developed for 
the purpose. The various electrical-mechanical analogies 
that can be used for problems of this type are discussed, 
and it is shown that the principal factor determining the 
choice of analogy is the mechanical variable that it is de- 
sired to record. The use of the device is illustrated for 
several types of problems, including the ridability of ve- 
hicles, and the shaft torques developed in turbogenerators 
by electrical short-circuits. Many other problems involv- 


ing transients in mechanical systems can be solved with 
this method. 


INTRODUCTION 


HERE are many problems in the field of engineering whose 

rational solution depends on a knowledge of the tran- 

sient response of a physical system to various driving forces. 
While the laws governing the response of individual elements are 
relatively simple, the combination of many elements into a com- 
plex system frequently results in sets of differential equations 
whose numerical solution presents a formidable problem. In 
this respect, many practical mechanical-vibration problems are 
too complex for solution by conventional analysis. There are 
several methods available for such cases. These include me- 
chanical calculators, such as the differential analyzer, test 
measurements on full-scale models, and measurements on dynamic 
prototypes. The prototype may consist of an equivalent 
mechanical system or its analogous electrical circuit. 

The general principle of the mathematical analogy between 
mechanical and electrical systems has been well known for many 
years (1).4 The electrical engineer has occasionally found it 
very useful to set up the mechanical analogy of an electrical sys- 
tem as a better means of visualizing its function. On the other 
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hand, it has been found that many of the methods used for the 
analysis of electrical circuits are applicable to mechanical sys- 
tems, so that it is frequently desirable to solve the analogous 
electrical circuit. For those problems too complex for adequate 
mathematical analysis, the equivalent electrical circuit can be 
set up, the known conditions of the problem imposed on the elec- 
trical circuit as currents and voltages, and the desired solutions 
measured directly as currents and voltages. This procedure 
affords many advantages over other methods because it is rela- 
tively simple and cheap to construct and connect together 
properly the analogous constants suitable for studying a wide 
range of problems. With this method, the complete solution as a 
function of time can be quickly recorded directly as voltages or 
currents. 

Analogous electrical circuits have been used in this manner to 
a limited extent for steady-state problems and have been proposed 
for transient solutions. It is the purpose of this paper to describe 
a new device, the mechanical-transients analyzer, developed for 
the purpose of solving steady-state and transient-vibration prob- 
lems. 


Basic PRINCIPLES OF MECHANICAL-TRANSIENTS ANALYZER 


The physical and mathematical concepts of the various elec- 
trical-mechanical analogies have been treated in considerable 
detail. For those interested in reviewing them reference (2) is 
suggested. There are two possible analogies between the physi- 
cal mechanical elements, mass, spring constant, etc., and the 
electrical-circuit elements, inductance, capacitance, etc. (2). 
These are classified in Table 1 as the mass-inductance circuit 
and the mass-capacitance circuit. For each of these equivalent 
circuits, there are numerous analogies that can be set up between 
the mechanical and electrical variables (force, displacement ve- 
locity, etc., and voltage, charge, current, etc.). The two most 
useful analogies for each of the circuits are listed in Table 1. 

The choice of analogy depends on a number of factors. For 
most transient problems, a direct record of the measured variable 
as a function of time can most easily be obtained with the cathode- 
ray oscilloscope, which is essentially a voltage-measuring device. 
Therefore, when possible, it is best to use the analogy for which 
the desired quantity is proportional to a voltage. Table 1 is de- 
signed to serve as a guice to determine the most suitable analogy. 
Its use is shown by discussion of a simple example, such as that in 
Fig. 1, which illustrates the fundamental elements of the ana- 
lyzer. 

Consider the problem of determining the motion of the simple 
mass-spring system (M, K, G) in Fig. 1 (a), under the action 
of the damped sinusoidal force of Fig. 1(6). If it were desired to 
construct a mechanical model of this problem, the forcing func- 
tion could be produced by the excitation system (m, gi, k), 
shown in Fig. 1(a). This system, when acting by itself, will 
have a velocity proportional to the desired excitation function 
when allowed to oscillate freely from some initial displacement. 
If this excitation system is coupled to the actual mechanical 
system by the dashpot (go), the force impressed on M will be 
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ANALOGOUS ELECTRICAL CIRCUITS FOR 


MECHANICAL SYSTEMS 


— Analogous electrical 
———-Mass-inductance circuit———~ 


Voltage (V) = dV 
force or torque _ dt 
Inductance (L) 


Mechanical system 
Mass or inertia 


Velocity damping Resistance (R) 


Spring constant 


Force or torque Voltage (V) 
Displacement Charge (fJ it) 
Velocity I 

dI 
Acceleration 


proportional to the product of (go) and the relative velocity be- 
tween the two masses. When the velocity of M is small, com- 
pared to that of mm, the force transmitted across the dashpot 
will be proportional to the velocity of the excitation system alone. 
In order for this condition to be satisfied, (go) must be small com- 
pared to the mechanical impedance of the system (M, K, G). 
Then the velocity of the excitation system is practically inde- 
pendent of the mechanical system. Also, the damping of the 
system (M, K, G) is practically proportional to the sum of (G) 
and (go), while the damping of the excitation circuit is propor- 
tional to the sum of g; and go. 

The mass-inductance analogy circuit for this mechanical sys- 
tem is shown in Fig. l(c). For the voltage-force analogy, Table 
1, current is proportional to velocity. Thus it is necessary to 
develop in the analogous electrical excitation circuit a current 
proportional to the excitation function. The manner in which 
this is accomplished is analogous to that of the mechanical ex- 
citation circuit. Charging the capacitor c; corresponds tc com- 
pressing the spring k;. The system is then released and allowed 
to oscillate freely by closing the switch and discharging the ca- 
pacitor. The voltage drop produced by this current across the 
resistor ro corresponds to the force produced across the dashpot 
by the velocity of the excitation system in Fig. 1(a). 

From the analogy between the mechanical and electrical sys- 
tems, it is seen that the current in the excitation circuit must be 
kept high relative to that in the circuit representing the me- 
chanical system, and the coupling resistance (r>) must be relatively 
low compared to the electrical impedance of the (L, C, R) circuit. 
The voltages across the circuit elements LZ, R, and C give the 
forces on the analogous mechanical elements. In addition, as 
shown in Table 1, they are also proportional, respectively, to the 
system acceleration, velocity, and displacement. 

The mass-capacitance analogy circuit, Fig. 1(d), is the dual of 
the circuit shown in Fig. l(c). If the force-current analogy is 
used, the desired force function must be introduced into the cir- 
cuit as a given current. Thus the excitation circuit is a current 
generator (instead of a voltage generator) producing a current 
that is not affected by the analogous mechanical circuit. The 
currents flowing in the circuit elements, L, R, and C are propor- 
tional to the forces on the analogous mechanical elements and they 
are also proportional, respectively, to displacement, velocity, and 
acceleration. This analogy may be useful in some cases. How- 
ever, for all problems so far studied with the mechanical-transi- 
ents analyzer, the mass-inductance analogy circuit has proved 
most useful. 

The foregoing physical analysis of the method of introducing a 
given excitation function into a system whose motion is to be 
studied is developed mathematically in the Appendix. 

Relation Between Mechanical and Electrical Constants. The de- 
termination of the magnitude of the analogous electrical-circuit 


= force or torque 


Susceptance ( *) 


Mass-capacitance circuit———— 


Current = aI 
force or torque dt force or torque 


Capacitance (C) 


Conductance 


Inverse Inductance G ) 


L 

dV dl 
Current 
I S Vat Vv 
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constants is illustrated by the equations in the caption of Fig. | 
It is necessary to maintain the same ratios between the magni- 
tudes of analogous quantities in the two systems. Thus for 
the mass-inductance analogy circuit, all of the inductances in the 
electrical circuit must have the same ratio to each other as 
the masses in the mechanical circuit. When it is desired to set up 
an electrical system having the same frequencies or time base as 
the actual mechanical system, the same ratio must be maintained 
between the numerical value of each set of inductance and ca- 
pacitance as exists between the masses and spring constants o! 
the mechanical system. The same applies to the ratio between 
the masses and the velocity-damping constants. These relations 
are demonstrated mathematically in the Appendix. However, 
when desired, the time base can be arbitrarily changed (3) to 
any value without affecting the solution by adjusting the con- 
stants by the factor (n), as shown in the equations, Fig. 1. This 
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factor is the ratio of the frequencies in the electrical circuits 
to the corresponding frequencies in the actual mechanical system. 
As shown in Equations [4], [5], and [6] of the Appendix, since 
linear equations are involved, the ratio of the magnitudes of 
the responses to the known magnitude of the excitation function 
determines the absolute magnitudes of the responses. 
Mechanical-Transients-Analyzer Circuit. The mechanical 
transients analyzer employs the principles illustrated by the elec- 
trical circuits in Fig. 1. Synchronous rotating switches are used 
toapply the various excitation functions periodically to the analo- 
yous electrical system so as to produce a standing wave repre- 
senting the solution on the screen of a cathode-ray oscilloscope. 
This is a method that was developed (4) for studying transients in 
electric power systems. During a short period between each ap- 
plication, additional synchronous switches short out the various 
capacitors in the mechanical circuit, thereby removing the energy 
from these circuits and placing them at rest for the succeeding 
application of the excitation function. Also, during this period, 
the capacitors of the excitation circuits are recharged. Fig. 2 
shows forms of the transient functions that are readily obtainable 
with simple electrical excitation circuits such as that described in 
Fig. 1. In addition, other means are available for converting any 
viven function of time into electrical quantities suitable for ex- 
citation of the analogous circuits. One type of problem for which 
the device was developed is the study of the shaft torques in turbo- 
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TIME 


Fig. 2) Forms or Excitation Functions Reapity Opratnep WITH 
Evectrric Crrevirs 


xenerators during electrical short-circuits. The electrical torque 
produced on the generator rotor consists of damped sinusoidal 
components of fundamental and harmonic electrical frequencies, 
together with unidirectional components. Typical forms for 
these electrical torques are shown in Figs 5 and 6. A simplified 
diagram of the circuits used for this problem is shown in Fig. 3(a). 
This diagram illustrates the manner in which several excitation 
functions of both directions can be simultaneously applied to a 
given point in the analogous electrical circuit. It is also relatively 
simple to apply excitation at several points in the analogous cir- 
cuit. 

Fig. 3(b) shows the original setup used for studying turbo- 
generator-shaft torque problems. In the right foreground are 
the synchronous switches. To the left of the cathode-ray oscillo- 
scope are the slide-wire resistors across which the excitation func- 
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Fic. 3. MECHANICAL-TRANSIENTS ANALYZER AS USED FOR DETER- 
MINING GENERATOR SHORT-CIRCUIT TORQUES 


(a, Simplified schematic diagram; 6, original laboratory setup.) 


tions are applied. Behind the slide wires are the excitation circuits 
with their power supply. The low-loss inductors and capacitors 
for the analogous electrical circuit are in the right background. 
Damping in Mechanical Systems. Many mechanical devices, 
when damping is not purposely introduced, are inherently low- 
loss systems. For certain problems, this requires low-loss ca- 
pacitors and inductors for the analogous circuits. For such sys- 
tems the hysteresis loss of the materials being deformed will pro- 
duce damping of the order of 1 to 3 per cent per cycle. Usually 
the additional energy absorption of the various couplings, fits, 
bearings, etc., will raise the damping to at least 3 or 4 per cent 
percycle. Since it is more difficult to build inductors with as low 
loss as capacitors, the design of this circuit element requires spe- 
cial consideration. The loss characteristic of an inductor is 


L 
defined in terms of the factor | Q = = the ratio at a given fre- 


quency between the reactive and resistive components of the coil 
impedance. Table 2 shows the effect of Q on amplitude-decay 
factors for coils in systems with one degree of freedom. This im- 
plies that the capacitor is perfect. It will be noted that damping 
less than 3 per cent per cycle requires coils with a Q of 100 or 
better. Special variable-inductance coils have been developed 
with a maximum Q of about 180 and which exceed 100 over a 
frequency range of 200 to 1000 cycles per sec. 

The importance of the inductor loss depends on the problem 
being studied. When the crest magnitude of the response func- 
tion occurs within the first one or two half-cycles of oscillation, 
the losses of the inductors are not so important. Table 2 shows 
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Fie.4 Free Oscruiation A LC Circuit, SHowine Low 
LossEs oF ANALOGOUS MECHANICAL-CircuIT ELEMENTS 
(Frequency = 200 cycles per sec; damping = 3 per cent.) 
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(a) Mechanical system and its electrical analog: 
Mechanical-system constants 


= 1 lb-in. sec? Ki = 1.35 X 104 lb-in./rad 


Ie = 0.821 K: = 1.09 X 10 
Is = 0.821 
Electrical-system constants 
al; 1 
= 0.821 Li 
In = 0.821 li 1.09 X 104an 


where (n) is frequency ratio. 
b) Excitation functions (air-gap torques) and resulting shaft torques for 
a three-phase short circuit from no load: 
Per unit Te = 6.8 ¢~%t sin wt + 2.3 e~'% 
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that coils with Q as low as 40 will give a solution with the peak 
of the second half-cycle that is only 5 per cent below the solution 
obtained with coils having Q of 100. 

The solutions will usually be of this nature unless one of the 
response frequencies is very close to resonance with the frequency 


TABLE 2 AMPLITUDE-DECAY FACTOR OF INDUCTORS? 


(Amplitude-decay factors in per cent) 
Number of half-cycles 
4 5 


@ 1 2 7 8 
40 (96 92 88 85 81 78 75 72 
100 98.5 97 95.5 94 92.5 91 89.5 8832 
200 99.1 98.1 97.4 96.2 953 94.5 936 927 


€ @ . 2Q where N is the number of half-cycles. 


of a dominant excitation function. Where this condition exists. 
the losses of the coils may be important since they will determine 
the magnitude of the resonance peak. However, if the damping 
of the resonant excitation function is high compared to the damp- 
ing of the mechanical system, the energy put into the mechanical 
system will be relatively small and the losses of the coils less im- 
portant. If they should be desired, vacuum-tube circuits can 
be used which introduce negative damping into a circuit. Fig. 
4 shows the response of a simple LC circuit with the low-loss ele- 
ments to a square wave excitation. The frequency of oscilla- 
tion is 200 cycles per sec with a measured damping of about 3 
per cent per cycle. 


PROBLEMS ILLUSTRATING USE OF ANALYZER 


Several examples of solutions obtained from the mechanical! 
transients analyzer are shown in Figs. 5, 6, and 7. 

Turbogenerator Problem. ‘The first example, Fig. 5, illustrates 
the determination of transient shaft torques in a turbogenerator 
resulting from a three-phase short-circuit at no load. The me- 
chanical system and its analogous mass-inductance circuit are 
shown in Fig. 5(a). The air-gap torque developed by the short- 
circuit consists of a damped sinusoidal oscillation at fundamenta! 
electrical frequency and a damped unidirectional component, as 
shown by the equation and oscillograms in Fig. 5(6). Since in 
this case the force-voltage analogy was used, a voltage propor- 
tional to the air-gap torque was impressed on the analogous elec- 
trical circuit by means of the excitation circuits previously de- 
scribed. The resulting transient voltages across capacitors ¢, 
and ¢ are proportional to the rotor and turbine-shaft torques, 
respectively, and are shown in the oscillograms, Fig. 5(b). 

Salient-Pole Generator With Geared-Turbine Drive. The 
second example, Fig. 6, illustrates a more complicated mechani- 
cal system in which it is likewise desired to determine the shaft 
torques resulting from a three-phase short-circuit from no load 
on one of two generators driven by a geared turbine. The gen- 
erator in this case has salient poles, and the air-gap torque re- 
sulting from the short-circuit consists of a damped unidirections: 
component and a series of damped sinusoidal components st 
fundamental and harmonic electrical frequencies. The equa- 
tion for the air-gap torque, including components up to the fourth 
harmonic frequency, is given in the caption of Fig. 6. The tots 
electrical torque and the resulting transient torque on each of the 
three shafts are shownin Fig. 6(b). Itis obvious that the analyti- 
cal solution of this problem would be difficult to say the least. 
In addition to shaft torques, it is also possible to obtain dats 
on maximum stresses in the gear teeth and, by measuring ve 
locities, some estimate of impact forces on the gear teeth during 
torque reversal. 

Ridability of a Vehicle. The final example, Fig. 7, illustrates 
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Fic.6 Typrcan Gear-Driven-GENERATOR PROBLEM 


(a) Mechanical system and its electrical analog: 
All constants referred to same velocity base. 
Mechanical-system constants 
In = 1 lb-in. sec? 


Ki = 1.065 X 10‘ Ib-in./rad 
= Ri = 10s 
= 18. 
= 2.52 , 
Electrical-system constants 
(= farad 
7.065 X 10¢an 
Lh = 0.965 La = 
Ia = 1.45 Ls 3.72 X 104 an 
In = 2.52 Ls Cs 


™ {8.22 X 10°an 


(6) Excitation functions and shaft torques: Three-phase short circuit from 
no load on a salient-pole generator. 


Per unit J, = e743 (6.2 ain wt + 4.65 sin 3wt) — e-* (2.18 sin 2wt + 1.95 sin 
4wt) + 1.267% 


Fundamental frequency is 25 cycles per sec. 
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the use of the analyzer for studying the ridability of a vehicle. 
The motion of the wheels and body as the vehicle passes over a 
stepped surface in the roadway at a given velocity has been de- 
termined. The vehicle was represented by the simplified dy- 
namic system shown in the upper right-hand part of Fig. 7(a), 
the analogous electrical circuits being shown below. The con- 
stants used in this problem were assumed and do not represent 
any commercial vehicle. 

When the mass-inductance analogy is used the effect of the 
stepped surface in the roadway is introduced into the electrical 
circuit by the voltages e,; and ¢,. The voltage e,, which is pro- 
portional to the sudden displacement of the bottom of the front 
tires, is a constant voltage suddenly applied at time zero. The 
voltage ¢:, which represents the sudden displacement of the bot- 
tom of the back tires, was applied 0.45 sec later, which corre- 
sponds to a velocity of 15 mph for the assumed vehicle. The 
currents 7; and 7; in Fig. 6(a) are the analogous velocities of the 
wheels, while the currents %, and i, are the analogous velocities of 
the two ends of the body. The displacement of the wheels and 
the relative displacement between wheels and body are propor- 
tional to the voltages across c; and &, respectively, and are shown 
in the oscillograms in Fig. 7(b). The absolute motion of the 
body cannot be determined directly from the mass-inductance 
circuit. However, reasoning from the mechanical system, it is 
apparent that this motion could be measured by suspending a 
mass from a very weak spring at either end of the vehicle. By 
adjusting this auxiliary system so that its period is very long 
compared to the period of the body motion, the relative dis- 
placement between the body and the suspended mass will be a 
measure of the absolute body motion. 

The electrical analog of this system is a very large capacitance 
shunted by an inductance placed in the circuit (see Fig. 7a) so 
that t or 7%, must flow through the combination. The voltages 
developed across the capacitor are proportional to the body mo- 
tion. Oscillograms of these motions are shown at the bottom of 
Fig. 7(0). 

While no effort has been made to present a complete analysis 
of the ridability problem, it is evident that the mechanical- 
transients analyzer, as described in this paper, provides a means 
for studying a wide variety of designs and the effect of various 
road surfaces on the motion of the vehicle. 


OrHER FIELDs OF APPLICATION 


The foregoing discussion of the practical application of the 
mechanical-transients analyzer illustrates its usefulness in ex- 
tending the rather narrow range of quantitative solutions pos- 
sible by analytical methods. It can be stated that any physical 
system which may be represented by linear constant-coefficient 
equations is subject to analysis by this means. Although the 
apparatus was originally developed for studying shaft stresses in 
rotating machinery, it is evident that the technique with appro- 
priate modifications car,be applied to many other problems. A 
brief suggestive list is given for consideration. 

1 Impact and shock problems. 

2 Mechanical stresses resulting from “plugging”’ steel-mill 
drives. 

3 Peak torques in systems subjected to sinusoidal forces 
whose frequencies are a function of time. 

4 Peak stresses in air frames at onset of flutter. 

5 Transient loading of crane and hoist structures and drives. 

6 Transient coupling stresses in long railway trains. 

7 Transient responses in distributed mechanical systems. 
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Appendix 


The mathematical analogies between the mechanical and ele: 
trical systems in Fig. 1 are shown by the following: 

The differential equations for the motion of the two system: 
in Fig. 1(a) (as obtained by equating the forces on the respective 
masses) are 


as 
1? k d d dt 
dt? my m, dt m, dt dz 
dl 
ax 
d?X K GdX gy dz dt 
—X+—— ——— | 1—— J =0..../2 
dt? + M M at M at dz 
dt 


ax 
By making the ratio © << 1, Equations [1] and [2] approae! 
dt 


independence of each other. 
If multiplied by go and K, respectively, they may be rewritten" 
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terms of the force f, at the coupling g, and the force F, at the 
spring K 
oto df, 


dt? my dt 
with solution f = fy e~ sin wt = fif(t) 


or 


0 M \fo M \fo = [4] 


The differential equation for the electrical circuit in Fig. 1(e), 
is obtained by equating the voltages around the closed circuit 
tozero. From this, the following equation for the voltage across 
the capacitor C can be obtained as before 


The voltage #, is analogous to the force F, of Equation [4]. 
The differential equation for the circuit in Fig. 1(d) is obtained 
by equating the currents flowing into the common junction. 
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By analogous procedure, the current through the reactor L is 
given by the equation 


I 1 [1 1 [1 1 
(1) + Le (1) + = tot 


The current /, is analogous to the force F. 

In Equations [4], [5], and [6], the variables are in dimension- 
less form, showing that the magnitude of the solutions £, etc., 
depends only on a knowledge of the magnitude of the excitation 
function e. 

From these equations, it is seen that to obtain analogous elec- 
trical circuits with the same time base or equivalent frequencies, 
the following relationships must be satisfied 
for Fig. 


for Fig. 1(d) 
K 1 G@ 1 
M LC’ M_ RC 
These give the equations in the caption of Fig. 1, with the ex- 
ception of the change in time base. 
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A General Method for Calculating Critical 
Speeds of Flexible Rotors 


By M. A. PROHL,' WEST LYNN, MASS. 


The existing methods for determining critical speeds are 
subject to the following limitations: On the one hand 
the methods that are general, i.e., that permit the calcu- 
lation of higher critical speeds as well as the fundamental, 
involve computations so complicated as to be impractical 
for any but the simplest of rotors. On the other hand, 
the methods for which the computations are compara- 
tively simple, such as the familiar methods of Rayleigh 
and Stodola, lack generality in that critical speeds other 
than the fundamental cannot be definitely determined 
(1).2. The calculation method presented in this paper 
combines generality with comparative simplicity. Any 
critical speed—-first, second, or higher—may be calculated 
with equalease. The rotor may have any number of spans 
and its cross section may vary in any prescribed manner 
provided circular symmetry is maintained. Any number 
of disks or symmetrical masses may be attached. The 
shaft journals may be considered to be elastically sup- 
ported in the bearing with respect to both deflection and 
tilting of the journals; the elastic constants must, how- 
ever, be symmetrical. The so-called “‘gyroscopic effect’’ 
associated with the moment of inertia of the disks on the 
rotor may be readily taken into account. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


A = mass moment of inertia of disk about its axis of sym- 
metry, lb-in-sec? 

B = mass moment of inertia of disk about axis through center 
of gravity and normal to axis of symmetry, lb-in-sec* 

C = bearing stiffness factor for resistance to tilting of shaft, 
Ib-in. 

D = diameter of disk, in. 

E = modulus of elasticity, psi 

H = angular momentum, |b-in-sec 

h = thickness of disk, in. 

I = diametral moment of inertia of shaft cross section, in.‘ 

K = bearing stiffness factor for resistance to deflection of 
shaft, lb per in. 


M = bending moment, lb-in. 
m = mass, lb-sec?/in. 

t = time, sec 

V = shearing force, lb 

zx = distance along shaft, in. 


1 Turbine Engineering Division, General Electric Company. Jun. 
A.S.M.E. 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944, of 
Tre AMERICAN SoOcIETY OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until Oct. 10, 1945, for publication at a later date. Discus- 
sion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


= deflection of shaft, in. 

shaft-section flexibility constant (1/lb-in.) 

slope of shaft (nondimensional) 

mass per unit length, lb-sec?/in.? 

mass density lb-sec?/in.* 

angle, radians 

speed of rotation or frequency of vibration, radians per 
sec 


GENERAL CONSIDERATIONS 


For a balanced shaft of variable diameter which is rotating or 
“whirling” steadily at a critical speed w with its central axis in a 
bowed shape, the following differential equation applies (2, 3) 


From the elementary beam theory 


d*y 
dz? 
Equation [1] becomes 
aM 


Equation [1] is a fourth-order differential equation, and hence 
there are four boundary conditions to be satisfied. Any speed of 
rotation for which it is possible to effect a solution of this equation 
which satisfies these four boundary conditions constitutes a 
critical speed. Equations [2] and [3] form the basis for making 
such a solution by a simultaneous construction of the bending- 
moment and deflection diagrams using a step-by-step integration 
process. Let the shaft be divided into a series of appropriate 
sections. Equations [2] and [3] may be rewritten as follows 


(ii) 


where Az is the length of a given section and Mavg and yave Are 
the average values of bending moment and deflection for that sec- 
tion. 

Equation [4] states that the change in slope of the deflection 
curve which occurs at the given section is proportional to the 
average bending moment, the proportionality factor being the 


Az 
flexibility constant (3 . Equation [5] states that the change 


in slope of the bending-moment diagram, which occurs at the 
given section, is proportional to the average deflection, the pro 
portionality factor being the inertia force of the section mass per 
unit of deflection (uw? Az). 

Dr. H. Poritsky of the Engineering General Division of the 
author’s company has proposed a graphical method of solution in 
which the bending moment and deflection diagrams are repre 
sented by a series of straight-line segments, the finite changes iD 
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slope between adjacent segments being given by Equations [4] 
and [5]. 

The calculation method presented in this paper is on a numeri- 
cal rather than a graphical basis, and the integration procedure 
is somewhat more elaborate than that indicated in the foregoing 
equations. A tabular form has been prepared to assist the calcu- 
lator. 

In general, for any assumed speed of rotation, bending-moment 
and deflection diagrams:can be constructed which satisfy three of 
the four required boundary conditions. Only if the assumed 
speed of rotation is exactly equal to a critical speed can the 
fourth boundary condition also be satisfied. Hence by plotting 
the discrepancy in the fourth boundary condition as a function 
of the assumed speed, and noting where the discrepancy becomes 
zero, the various critical speeds can be obtained. In plotting 
such a curve, it is necessary to select some arbitrary boundary 
condition and hold it constant. Such a condition might be, for 
example, the slope of the deflection curve at a shaft end simply 
supported in a bearing. 

The numerical method of this paper is analogous to Holzer’s 
method (4) for calculating natural frequencies of torsional vibra- 
tion. However, the problem of calculating critical speeds is in- 
herently more complicated since four integrations are involved 
instead of two, and additional complications arise in dealing with 
the boundary conditions. 

It should be noted that the foregoing type of analysis applies 
equally well to the determination of the natural frequencies of 
transverse vibration of a beam of variable cross section since 
Equation [1] is also the differential equation for this case.* 


Tue CaLcuLaTION METHOD 


In order to apply the numerical-calculation method of this 
paper, the actual rotor must be transformed into an idealized 
equivalent system consisting of a series of disks connected by 
sections of elastic but massless shaft. The mass of these disks 
and their spacing are chosen so as to approximate the distribution 
of mass in the actual rotor. Likewise, the bending flexibility of 
the connecting sections of shaft is taken so as to correspond to the 
actual flexibility of the rotor. In the discussion which immedi- 
ately follows, it will be assumed that the moment of inertia of the 
disks is negligible so that the disks may be treated as mass points. 

In Fig. 1, @ portion of an idealized system is shown together 
with the shearing force, bending moment, and deflection dia- 
grams. Assume that this system is whirling in the deflected 
position at some speed w. Since each section of shaft is massless, 
the shearing force is constant between any two masses, and hence 
the bending-moment diagram has a constant slope directly equal 
to the shearing force (5) 


A finite change in shearing force occurs at each mass, which is 
equal to the inertia force of the mass 


This finite change in shearing force results in a finite change in 


slope of the moment diagram at each mass. Because of the con- 


tinuity of the shaft, the deflection diagram is a smooth curve with 
no breaks or discontinuities. The equation for the variable slope 


* After this paper had been submitted, the author’s attention was 
drawn to a recently published paper by N. O. Myklestad in which a 
method for calculating natural frequencies of transverse beam vibra- 
tion is presented that is fundamentally the same as the method of this 
paper although quite different in its application. See reference (6) 
in the Bibliography. 


of the deflection curve for each section will be a quadratic, and the 
equation for the deflection curve will be a cubic. 
Assume that the following quantities are known at the left-hand 
end of the system in Fig. 1: 
Vo = shearing force (due to bearing reaction) 
M, = bending moment (due to bearing reaction) 
6 = slope of deflection curve 
yo = deflection 


There will be a change in shearing force at point 0 due to the 
inertia force of the mass mo according to Equation [7], and hence 
the shearing force V;, for the section of shaft between point 0 and 
point 1 (section 1) is 


The bending moment M, at point 1 is 
M, = Vi( Az); das {9} 
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The bending moment M at any distance z from the left-hand 
end of sectionlis 
M, — Me 


(Az): 


[10] 


The slope 6 of the deflection diagram for the first section is ob- 
tained as follows 


where c is a constant of integration. 
Substituting Equation [10] in [11] and integrating gives 


1 M,— M, 2? 
| Me + 4 {12] 
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The deflection y is obtained as follows 


= Odx + c’.. 


where c’ is a constant of integration. 
Substituting Equation [12] in [13] and integrating gives 


1 
= + 
onl "2 


It is only necessary to know the slope @ and the deflection y at 
the end of the section (i.e., point 1). Substituting (Ar), for z and 


M, — Mo 


4 + + yo... . [14] 


A 
By in Equations and [14] gives 
fi 


1 

A= > + >] {15} 
MM 

y= 3 6 (Ax); + Ar): + yo...... [16] 


From the value of the deflection at point 1, as given by Equa- 
tion [16], it is now possible to evaluate the change in shearing 
force at point 1, and hence the shearing force V» in shaft section 2. 


V2 = +> yr. ene {17} 
The bending moment .V/2 at point 2 is 


The bending moment in shaft section 2 is now completely speci- 
fied, and the slope @ and the deflection y: at point 2 may be evalu- 


TABLE 1 
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ated by equations similar to Equations [15] and [16]. By re 
peating this process for successive sections, the bending moment 
and deflection diagrams for the remainder of the span may be 
calculated. 

The equations for the nth section and point are listed as follows 


M,, 
0, = B, > | + . (21 ] 
M, 
Yn = By 3 = (Az), + + 6, 1( Az), ee [22] 


where 


8, = flexibility constant = Gi. 


It is convenient in carrying out these calculations in tabular 
form to introduce two auxiliary quantities; let 


M,’ = 


Equations [21] and [22] may be expressed in terms of these 
auxiliary quantities as follows 
n 


= >> + + @......... (25 


n=1 


SAMPLE CALCULATION AT ASSUMED SPEED OF 5000 RPM 


(w= 523.6 radians per sec, for span 1 of rotor shown in Fig. 2.) 


m av Vv aM pro’ lax ay’ ay" | y 
x10 x70? | x/0 
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950, 000 1102904 9.701 000 4 858 4.593.000) 2 2s 
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Un = { + Mn’ + (Az), 
n=1 


+ Oe + (26 | 


The form shown in Table 1 involves the use of Equations {19}, 
{20}, [25], and [26], together with the equations for the following 
auxiliary quantities: 


n—l 

(Ayn = + + (Ax)q.. [29] 
n=l 

(Ay”), 180] 

= (Ay’)n + = Yn — 


From the foregoing equations, it can be demonstrated that the 
shearing force, bending moment, slope, and deflection at any 
point in the span will be linear functions of the four assumed 
quantities at the left-hand end of the span, i.e., at point 0. 
Hence, the deflection, for example, at point m may be expressed 
by the following equation 


where A,, B,, C,, and D,, represent numerical coefficients which 
may be determined by using the tabular form. Actually it is not 
necessary to determine all four coefficients. Since two boundary 
conditions must always be known at the end of the system from 
which the calculations originate, two of the terms in Equation 
[32] can be eliminated. Thus only two coefficients need to be 
evaluated and this is done in two parts on the tabular form. 

The boundary conditions at the left-hand end of the system 
may be specified in general form as follows 


Kyo = —Vo... ... [33] 


C0, = Mo .. [84] 


The minus sign in Equation [33] arises from the conventions 
employed. Terms K and C are stiffness constants which specify 
the elastic restraint exerted on the shaft by the supporting bear- 
ing. It is assumed that these stiffness constants are symmetrical, 
i.e., of the same magnitude for all directions normal to the shaft. 

The boundary conditions take the following form for certain 
limiting cases: 

Fized End. The bearing is infinitely stiff against both dis- 
placement and rotation or tilting of the shaft, ie., K = C = o. 
Hence from Equations [33] and [34], the following conditions 
must apply if the shearing force and bending moment are to be 
finite: yo = Oand % = 0. 

Simply Supported End. The bearing is infinitely stiff against 
displacement but offers no restraint to tilting of the shaft, ice., 
K= ©,C=0. Hence y = Oand My = 0. 

Free End. The shaft end is completely free, i.e., K = C = 0; 
hence Vo = 0, and My = 0. 

The boundary conditions that apply at a common point be- 
tween two spans of a multispan rotor are specified in the following 
manner: Let k denote the common point between span 1 and 
span 2. By reason of the continuity of the shaft 


(04) span = (Oy) epan {35 | 


[36] 


The bearing reactions are treated by equations similar to 
Equations [33] and [34] 


Ky, =—} ( Vg) span (V;) spani} eee 


CO, = t (Mg )epen (M 1} [38 | 


SAMPLE CALCULATION 


The drawing of the rotor used for this calculation is given in 
Fig. 2. The rotor has two spans, span 1 being supported between 
two bearings, and span 2 being overhung. Also shown in Fig. 2 
is a diagrammatic representation of the idealized system. This 
idealized system is obtained by dividing the shaft of the rotor into 
sections of constant diameter. The total mass existing within a 
given section is divided into two parts which are concentrated at 
the ends of the section, this division of mass being such that the 
center of gravity of the section mass remains unchanged. The 
flexibility constants are evaluated using the actual physical di- 
mensions of the shaft sections. While this method of construct- 
ing the idealized system is somewhat arbitrary, it should be 
sufficiently accurate for all practical purposes provided enough 
sections are used. 

In Table 1, the calculations for span 1 are given in tabular 
form for an assumed speed of 5000 rpm (w = 523.6 radians per 
sec). The values for the section lengths Az, disk masses m, and 
shaft-flexibility constants 8 for the idealized system, as shown in 
Fig. 2, are listed directly on the tabular form in the proper 
columns (the values of the masses being multiplied by w? to give 
the inertia force constants mw*). In so far as the calculation is 
concerned, the rotor is completely specified by these three groups 
of quantities. (It is assumed that the disks on the rotor have 
negligible moment of inertia, i.e., there is no gyroscopic effect.) 

The assumption is made that the shaft is simply supported in 
its bearings. From Equations [33] and [34], the following 
boundary conditions are obtained for the left-hand end of span 1 
(point 0) 

yo = 0 


The shearing force Vo and the slope of the deflection curve 4 
are carried in the calculation as unknowns. On the tabular form 
this is done by making the calculation in two parts with the fol- 
lowing initial conditions (note the encircled figures in Table 1) 

Ve = 1.000 {Vo 
| = y= | 4% 


yo = Mp = 0 
1.000 


With the initial conditions specified the calculation proceeds 
across the table from left to right, the figures on one horizontal 
line being completed before proceeding to the next line. Al- 
though the general equations given in the preceding section of the 
paper define all of the operations on the form, several features 
may need further explanation. Values pertaining to the mass 
points are entered on the horizontal lines. Values pertaining to 
the shaft sections are entered in the spaces between the lines. 
The auxiliary quantitjes 17’ and VW” in column 8 are each ob- 
tained by adding together one value from column 6 and one value 
from column 7. The manner in which this addition is made is 
indicated by the arrows inserted on the form. The quantity 


y’\. 
(4 in column 11 is obtained by a summation of the values in 


column 10 proceeding from the top of the column down to but not 
including the second of the two values for the last section involved 
in the particular summation. The broken lines drawn on the 
form in columns 10 and 11 indicate the values involved in suc- 
cessive summations. The slope @ in column 17 is obtained by 
summing the values in column 10 from the top down to the point 
for which the slope is desired. 

From the calculations in Table 1, the following equations are 
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Fic. 2 Rotor Usep ror SAMPLE CALCULATION 


obtained for the slope, deflection, and bending moment at point 11 
(the common point between span 1 and span 2) 


61 = 0.00010752 Ve + 23.806 %........... [39] 
yu = 0.0008742 V, + 189.0%...... [40] 
Mu = 319.3 Ve + 73,270,000 M........... [41] 


From Equations [35] through [38], the following boundary 
conditions are obtained at point 11 (shaft simply supported in the 
bearing) 

(@1:)span2 = (O11) spant 
(y11)span 2 = (yu) spant = 0 
(M 11) span = (M. 11)span 1 


Placing yn equal to zero in Equation [40] gives V» in terms of 
6. Hence V» may be eliminated from Equations [39] and [41]. 
Then by virtue of the foregoing boundary conditions, the follow- 
ing values apply to the initial point for span 2 

O11 = 0.561 
yu = 0 
Miu = 4,240,000 6 

Because of the unknown bearing reaction, the shearing force 
Vu for span 2 is not known. Hence the calculations for span 2 
are made in terms of the two unknowns, Vi; and %. On the 


tabular form this is done by making the calculations in two parts 
with the following initial conditions 


Vu = fu = 0 
I | Vu = 1.000 II Mu = 4,240,000 
= yn = Mn = 0 = 0.561 


The calculations for span 2 are carried out in the same manner 


asforspanl. They have not been included in this paper because 
of space limitations. From these calculations the following 
equations are obtained for V2, the shearing force at an infinitesi- 
mal distance beyond the point of attachment of the 19th disk, and 
My, the bending moment at point 19 


Vie = 1.523Vi. + 688,400 [42] 
Mi = 21.469Vi1, 7,470,000 [43] 


Since point 19 represents the free end of the rotor, the following 
boundary conditions apply 


Vie = 0 
My = 0 


In general, only one of these conditions can be satisfied. Only 
if the assumed speed is exactly equal to a critical speed will both 
conditions be satisfied. Placing V2» equal to zero in Equation 
[42] and solving for My, in terms of # in Equation [43] yields the 
following value for M4, 


= —2,230,000 6» 


Since My, is not equal to zero, the assumed speed of 5000 rpm 
does not represent a critical speed. A series of calculations 
similar to the one just discussed have been made for this rotor at 
different assumed speeds. The values of Ms obtained from these 
calculations have been plotted against assumed speed in Fig. 3. 
In plotting these values of Mjs the slope 6 at the left-hand end 
of the rotor is arbitrarily placed equal to unity. (Any value 
may be assigned to 6 since, at a critical speed, the rotor is in a 
state of indifferent equilibrium.) The first three values of speed 
required to make M,, equal to zero are as follows: 
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Critical speed 1 = 2230 rpm 
Critical speed 2 = 4230 rpm 
Critical speed 3 = 11,790 rpm 


The deflection diagram may be readily plotted for any assumed 
speed, since an equation of the form of Equation [40] may be 
obtained from the tabular calculation for every point along the 
rotor. The deflection curves for the first three critical speeds 
have been plotted in Fig. 4. 


Errect or Mass Moment or INERTIA OF Disks 


Assume that values of mass moment of inertia, both polar and 
diametral, have been assigned to the disks of the idealized system. 
The effect of the mass moment of inertia may be readily taken 
into account on the tabular form. It is necessary, however, to 
differentiate between the nonrotating and rotating cases. 

Nonrotating Case. For a rotor which is vibrating in a trans- 


verse plane at a natural frequency, a rotary inertia effect is in- 
volved. Consider a disk on a vibrating shaft at the instant of 
maximum amplitude, as shown in Fig. 5. Let the deflection of 
the disk center of gravity be denoted by y, the angle of rotation by 
¢, and the frequency of vibration by w. The force F and the 
moment M which must be exerted on the disk with respect to its 
center of gravity are 


where B is the mass moment of inertia of the disk about an axis 
through the center of gravity and normal to the axis of symmetry. 

The force and the moment which the disk exerts on the shaft 
will have magnitudes equal to the foregoing values, but will have 
directions opposite to those shown in Fig. 5. 

Equation [44] requires that there be a change in shearing 
force in the shaft at the point of attachment of the disk propor- 
tional to the deflection, the proportionality factor being mw*. 
This has already been incorporated in the calculation procedure. 
Equation [45] requires that there be a change in bending moment 
at the point of attachment of the disk proportional to the angle 
¢, the proportionality factor being Bw*. In terms of the notation 
employed on the tabular form Equation [45] becomes 


where the slope @ has been substituted for the angle ¢. (This is 
permissible for small angles.) 

Rotating Case. For a rotor which is whirling at a critical 
speed, a gyroscopic effect is involved. Consider a balanced 
disk, as shown in Fig. 6, the center of gravity of which is whirling 
ina circular path of radius y ata speed w. Let the axis of the disk 
make a constant angle ¢ with the rotation axis. Assume that 
there is no rotation of the disk relative to the rotating plane 
formed by the disk axis and the rotation axis. This means that a 
point Q, for example, which is the outside point on the periphery 
of the disk will remain the outside point. 

The components of rotation about the axes a and 6 are w cos ¢ 
and w sin ¢, respectively. Since axes a and b are principal axes of 
inertia for the disk, the components of angular momentum H, and 
H, are given by the following formulas 


H, = Aw cos ¢ 
H, = Bw sin @ 


where A and B are the mass moments of inertia of the disk about 
axes a and b, respectively. 

The moment which must act on the disk about the center of 
gravity to sustain the prescribed motion is equal to the time rate 
of change of the resultant angular momentum H 


where H, is the component of H normal to the axis of rotation 
H, = H, sin ¢ — H, cos 
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or 


H, = (A — B)wsin ¢ cos ¢............. [48] 


Substituting Equation [48] in Equation [47], and placing sin 
@ = ¢and cos @ = 1 (permissible for small angles) gives 


[49] 


The direction of this moment is in the direction of the change of 
momentum, as indicated in Fig. 6. It will be noted that the 
direction of this moment is opposite to that shown in Fig. 5, for the 
nonrotating case. In addition to the moment M, given by Equa- 
tion [49], a centripetal force F, as given by Equation [44], is re- 
quired to maintain the prescribed motion. 

The force and the moment which the disk exerts on the shaft 
will be equal in magnitude to F and M in Fig. 6, but opposite in 
direction. 

Expressing Equation [49] in terms of the notation on the tabu- 
lar form gives the expression 


If the disks of the idealized system have appreciable mass 
moment of inertia, then the bending-moment diagram, shown in 
Fig. 1, must be modified as indicated in Fig. 7. Because of the 
finite change in bending moment which occurs at each point 
according to Equation [50], there will be two values of bending 
moment at each point. Thus in Fig. 7, Mi, signifies the 
bending moment at an infinitesimal distance to the left of the 
point of attachment of the disk and Miz the bending moment at 
an infinitesimal distance to the right. 

The last two columns on the form, Table 1, have been added so 
that the effect of the mass moment of inertia of the disks may be 
incorporated into the calculation. The heading of column 18 
applies to the rotating case. If a nonrotating case is to be 
handled, the symbol A should be deleted from the heading, ac- 
cording to Equation [46]. The values of A. obtained by Equa- 
tion [46] or Equation [50] are tabulated in column 4 of the form, 
the values being entered on the horizontal lines. (The values of 
AM due to the shearing force in the shaft sections are entered in 
the space between the lines.) This dual set of values for AM 
gives rise to two values of bending moment at each point in 
column 5. The first value is entered just above the horizontal 
line bearing the point number, and the second value just below. 
The rest of the calculation is then the same as the sample shown in 
Table 1. 

The mass moments of inertia A and B for a flat solid disk are 
given by the following equations 
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If the thickness h of the disk is small compared to the diameter D, 
then A = 2B, and the proportionality factors between moment 
and slope in Equations [46] and [50] become equal in magnitude 
but opposite in sign. 

For the nonrotating case, the natural frequencies obtained by 
neglecting the mass moment of inertia are decreased if the effect 
of the mass moment of inertia is considered. For the rotating 
case, the critical speeds are increased by taking into account 
the mass moment of inertia provided that A > B. 


CONCLUSIONS 


The tabular-calculation method presented in this paper gives 
an exact solution for the critical speeds of the idealized system. 
Hence the accuracy of the method in so far as an actual rotor is 
concerned depends entirely on how closely the idealized system 
and the idealized boundary conditions represent the actual rotor 
and its bearings. 
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Fatigue Strength of 5'/s-In-Diam Shafts 
as Related to Design of Large Parts 


By O. J. HORGER,' T. V. BUCKWALTER,? ano H. R. NEIFERT® 


This paper reports the results of rotating cantilever- 
bending fatigue tests made on shafts having different size 
filletsconnectinga 5'/,-in-diam portion to a6°/,s-in. section. 
These shafts were machined from normalized and tem- 
pered forgings of plain carbon steel of 0.52 per cent carbon 
content, conforming to S.A.E. 1050 steel. Ten shafts hav- 
ing polished fillets of */;. or °/3: in. radius were tested to 
determine allowable design fatigue strength on the basis of 
30,000,000 revolutions. Also seven shafts were tested hav- 
ing */»-in. fillets which were rolled with a single-roller 
burnishing tool. The endurance limit for the ”/, -in. 
polished fillet was found to be 25,500 psi, as compared with 
18,500 psi for the */;. in. fillet. Rolling the °/» in. radius 
increased this value to 24,000 psi or an increase of 30 per 
cent over the not-rolled fillet. A comparison is also made 
between the results obtained on small specimens by other 
investigators with those on the larger members reported 
here. 


INTRODUCTION 


© fatigue data exist for large-diameter shafts having differ- 

ent size fillets. In the absence of such information, the 

designer often assumes the full value of the theoretical 
stress-concentration factor’ to apply. While this procedure is on 
the side of safety it sometimes leads to overdesign, resulting in 
increased space, weight, and cost. 

It is well known that a small fillet results in a higher stress- 
concentration factor, that is, a lower fatigue resistance, than a 
larger fillet. It is not always permissible, however, to use the 
most favorable fillet from a stress standpoint because of parts 
which fit onto or have clearance with the shaft. In such cases 
some means of strengthening the fillet portion locally would be 
advantageous. 

It was therefore the purpose of this investigation to obtain 
a more rational basis for design of large shafts by making fatigue 
tests on 5!/,-in-diam members with and 9/39-in. fillet radii. 
Also, means of improving the fatigue resistance of the small fillet 
was determined for shafts which were cold-worked by a single- 
roller tool. 

The beneficial effect on fatigue resistance obtained by local 
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Fie. Potnrer INpicaTes on 5!/4-IN-Diam SHart Wuicu 
Is TO FatTicgue Test 


plastic deformation of the surface layers was first used and de 
termined by Féppl> in 1928, and later confirmed by his co- 
workers and a number of investigators in this country. A roller 
was used in the tests reported here because of the simplicity with 
which cold working could be obtained on a symmetrical section, 
but shot-peening methods are also being used to obtain increased 
fatigue resistance. 


Marerrat Usep in Tests 


All specimens were taken from one heat of plain carbon stee 
whose ladle analysis conformed to S.A.E. 1050. The ladle analy- 
sis, as well as that determined from turnings made from ten forg- 
ings, are given in Teple 1. 

Physical properties given in Table 2 were obtained from four 
specimens from each of ten forgings using 0.505-in-diam tensile 
specimens. These were longitudinal specimens selected from the 
75/s-in-diam portion of the fatigue member shown in Fig. 2: 
two were taken at 3%/i.5 in. radius representing the outermost 
layer, and two midway at a radius of 19/32 in. 

The metallurgical condition of the structure is indicated in the 
photomicrographs and photomacrographs, Figs. 3 and 4. Here 
are shown the two extremes of microstructures found from ex- 


5 “Surface Compression as a Means of Increasing the Fatigue Ke- 
sistance of Springs Used in Motor Vehicles,’’ by O. Féppl. Auto- 
mobiltechnische Zeitschrift, vol. 45, 1942, pp. 321-325. 
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TABLE 1 CHEMICAL ANALYSIS 


Mn 


Cc 
Min Avg Max Min 
OD turnings....... 0.525 0.535 


Ladle analysis. . 


0.94 0.952 0.96 
0.90 


Avge Max P 8s Si Cr Ni 
0.015 0.020 0.26 0.04 
0.018 0.028 0.25 aid 


TABLE 2 PHYSICAL PROPERTIES 


Yield Ultimate 
point, strength, 
Location psi? psi 
Min 52500 101000 
OD Avg 57100 102200 
Max 61000 103500 
Min 51500 95500 
Midway {Avg 55600 102000 
Max 59500 106000 
Notes: 


wheel seat of ten fillet test members. 


OD refers to tensile specimens taken as near the OD as possible; 


midway between OD and center. 
@ Yield point determined by divider method. 


—H— 7% + 
Y 
Y SPRING LOAD 
APPLIED HERE. 
| L25 
160 125 


Fig. 2 Desten or Tests 


amination made on each fatigue specimen; one typical macro is 
shown from the extreme bottom and another from the upper part 
of the ingot. 


MILL AND ForGINnG PRACTICE 


All forgings were obtained from one heat of basic open-hearth 
steel cast in 34 X 34-in. inverted hot-top ingots weighing 22,335 
lb. An aluminum addition of 30 lb per ton was made in the ladle. 
The ingots were bloomed in a 44-in. two-high electrically driven 
reversing mill in about 16 passes to 10 X 10-in. blooms. These 
blooms were then rolled into 85/,.-in-diam rounds. The section of 
the fatigue specimen containing the test fillet was forged under 
7500-lb hammers to a taper shape, as indicated by the dotted lines 
in Fig. 2. 

Two fatigue specimens were obtained from each bloom, weigh- 
ing 2260 lb, and sever blooms were obtained from each ingot. 
Fig. 5 gives the location of each fatigue specimen in an ingot, 
and also the system of identification marking placed on each 
fatigue member. Here the first number represents the ingot 
number, the letter indicates the position of the bloom in the ingot, 
and the second number refers to the location of the fatigue speci- 
men in the bloom, All numbering starts from the top of the ingot. 

Temperature was measured at the start of forging on each 
fatigue specimen as falling within the range of 1665 to 1915 F 
and finishing at 1575 to 1800 F. All forgings were hot-straight- 
ened in a gag press or under a hammer. 


HeEAt-TREATMENT 


All forgings were slow-cooled in brick-lined pits after forging. 
They were then soaked for 3 hr at 1615 F, being brought up to 


Elongation Reduction Brinell 
in 2in., of area, Izod, hardness 
per cent per cent ft-lb no 

17.0 23.0 9.0 187 
22.9 41.9 16.2 198 
26.0 45.5 21.5 207 
13.0 14.5 9.0 187 
19.9 32.6 14.4 197 
23.0 44.0 20.0 207 


All values determined from longitudinal 0.505-in-diam specimens taken from the 7§/s-in-diam 


midway refers to specimens taken 


this temperature in 12 to 15 hr. After an air cool for 3 hr, they 
were recharged and brought to 1000 F in 8 to 14 hr and allowed 
to furnace-cool to 300 F. Again they were heated to 1040 F in 
10 hr, soaked for 8 hr, and cooled in the furnace to 300 F. 


DesIGn oF SPECIMEN 


Size and shape of fatigue specimens investigated are shown in 
Figs. 1 and 2. The */3:-in-radius fillet has a two-dimensional 
photoelastic-stress-concentration factor k, of 1.5, while that for 
the fillet is 2.167 

A disk was pressed on the 7°/s-in-diam end of the specimen, as 
shown in Figs. 1 and 2. This disk serves as a means of attaching 
the fillet specimen to the rotating head of the fatigue-testing 
machine; the test load P is applied on the opposite end of the 
specimen from the disk. 


SurFace FInisu 


All fillets were finish-machined, using a profile tool which had 
been examined for accuracy of shape on a Bausch & Lomb com- 
parator. All unrolled fillets were circumferentially polished to a 
finish of 5 to 11 microinches, as measured by a profilometer. The 
rolled fillets were given only a very good smooth turn with the 
profile tool and were not polished before rolling. 

The method of rolling the ®/s-in-radius fillet is shown in Fig. 6. 
Roller diameter was 33/, in. and the contour radius '/g@ in. A 
pressure of 1500 Ib* was used on the single roller and was meas- 
ured by a calibrated spring connected to the end of the feed 
screw on the lathe compound. In order to facilitate rolling of a 
fillet, a special design of hinged roller support, incorporating a 
rubber block as shown in Fig. 6, was employed. The function of 
the rubber pad is to give flexibility in the system so that proper 
pressure can be maintained on the roller as it is fed along the 
fillet. All rofling was done with the hand feed on the carriage and 
compound on the lathe with the specimen rotating 27 rpm. 

Full roller pressure was used from a point 20 deg up the fillet 
to a distance of 2 in. beyond the base of the fillet; above 20 
deg the pressure tapered off to zero in the remaining portion of 
the fillet. A three-roller device® was then used in rolling the 

6 “Photoelastic Studies in Stress Concentration,”” by M. M. 
Frocht, Mechanical Engineering, vol. 58, 1936, pp. 485-489; also 
— or Apptiep Mecuanics, Trans. A.S.M.E., vol. 57, 1935, 
Py Applying analysis made by R. F. Peterson and A. M. Wahl in 
their discussion, JouRNAL oF APPLIED Mecuanics, Trans. A.S.M.E., 
vol. 58, 1936, p. A-46, to their paper!’ we find the kt’ would be several 
per cent less than that given here for kt. Here kt’ is a modified 
theoretical stress-concentration factor based on fatigue failure pre- 
dicted by shear-energy theory (Von Mises-Hencky). 

8 This was maximum pressure that could be satisfactorily applied 
by the compound screw on the lathe. 

® Three rollers 2.916 in. diam were used where two rollers had a 
contour radius of */isin., and one had5/,in. Pressure per roller, 900 Ib. 
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i Fic. 3. LoneitupINAL PHoromicroGRaPHs From S#arrs TAKEN From Center or INcot 1D1 anp Bortom or INcor 1G2 
(Photomicrographs X 100.) 


j 
¥ 
hic. 4 TRANSVERSE PHoromacroGRaPH NEAR Base or FILLer on SHAFT TAKEN From CENTER OF INGor 1D1 anp Borrom or INcot 1G2 

: (Etched in 50 per cent HCL for 45 min, dipped in 20 per cent nitric acid, and immediately rinsed with water.) 
FAT, SPEC. INGOTS 34°x 34° WT 22,335 LAS. BLOOMS |0°xI0' WT. 2,260 LBS. 
TOP OF INGOT————»r — ____«—— DIRECTION OF ROLLING 

| t-A-2 | 1-8-1 | 1-8-2] | t-c-2 [li-o-1 [1-0-2 [il-€-1 | 1-€-2 | 1-F-1 | 1-F-2 [1-c-1 [1-G-2 

\ 
« 
{ BLOOM NO. INGOT NO.1 

Fie. 5 Location or Fatiaue-Test Specimens INcor 
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Fie. 6 or FILLetr 


(Roller A supported in yoke B which is hinged at C to frame E, clamped in 
tool rest F of lathe. Rubber pad D between B and E for flexibility.) 


entire length of the 5!/,-in-diam portion, overlapping slightly 
that section rolled with the single roller. On actual machine 
parts it would not be necessary to roll for the distance from the 
base of the fillet as was done here, unless some part was pressed on 
against the shoulder or it was desired to strengthen the part of 
the axle away from the fillet. It was done here as it was thought 
that the endurance limit of the rolled fillet would approach that 
of a plain specimen and it was necessary to develop the fatigue 
fracture in the rolled fillet and not away from the fillet in the body. 
With the fatigue tests now completed, it is apparent that this 
rolling so far beyond the fillet was not necessary. 

The first shaft fillet (specimen 2G2) was rolled with a 6-in- 
diam roller having '/, in. contour radius. Its life was not as 
long as expected, so it was then believed that the life may be in- 
creased by greater intensity of cold work being applied at the 
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fillet. Therefore the roller previously described was used on all 
other rolled-fillet specimens investigated. 


Fatigue MAcHINE 


Fatigue machines used to test these cantilever fillet specimen- 
are shown in Fig. 7. The pressed-on head of the fatigue specimen 
is bolted to a mating head of the test machine. Constant vertical! 
spring load is applied through knife-edges at the loading-bearing 
journal on the end of the specimen opposite to the pressed-on 
head. Springs used for loading had a very low spring constant 
Specimen speed was 870 rpm and the endurance-limit values are 
based upon 20,000,000 revolutions. Bending-stress values given 
here were all calculated as nominal bending stress at the base o! 
the fillet using the elementary cantilever-beam formula. 


Resvutts or Tests 


A total of 17 specimens were tested as tabulated in Table 3 
and plotted in the usual S-N curves in Fig. 8. Typical fatigue 
fractures developed are reproduced in Fig. 9. Endurance-limit 
values obtained from these data are given in Table 4. 


Discussion or Fatigue Resuits 


The 25,500-psi endurance limit obtained for the 7/39-in. fillet 
would appear to be very close to that which would be obtained for 
a large-diameter plain specimen, that is, one without stress con- 
centration. R.R. Moore plain-polished specimens 0.3 in, diam 
were machined at a 3°/\s-in. radius from the 75/s-in-diam portion 
of the large-fillet members indicated in Fig. 2. An endurance 
limit of 36,000 psi was obtained, and it is estimated that a similar 
plain-polished specimen of about 5 in. diam would give 30,000 psi 
On the basis of this assumption, certain factors are calculated in 
Table 4, where it is indicated that the stress-concentration factor 
ky determined from fatigue tests is 1.18 or only 0.79 of the theo- 
retical k, of 1.50. 

The 18,500-psi endurance-limit value found for the %/s:-in. fillet 
gave an actual fatigue-stress-concentration factor ky of 1.62; this 
is only 0.78 of the theoretical k,, of 2.10. 

The sensitivity index for this material to stress concentration is 
given in Table 4; the value for the small fillet is about 50 per 
cent higher than for the large fillet, which would seem to be s 


Fie. 7 Macuines Usep ror Testine FILLET SPECIMENS IN RoTATING BENDING 


(Test member in rear machine is not a fillet specimen.) 
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TABLE 38 


Nominal 
calculated 


bending Circumferentially pol 


- ished fillet Rolled fillet — 
stress at) in. radius ——-—9/3 in. radius 9/30 in. radius 
base of Spec Rev. in Re- Spee. Rev. in Re- Spec Rev. in Re- 
fillet, psi no. millions sults no millions sults no. millions sults 
32900 1-E-1 0.379 Br 
32900 1-D-1 0.612 Br ee 
30000 2-E-1 1.96 Br 2-F-1 0.133 
27000 1-C-1 8.751 Br 
27000 2-C-1 0.730 Br 
26200 2-E-2 3.183 NF 
26000 1-G-1R 1.458 Br 
25350 1-E-1 21.93 NF tin 
25000 oy ead 2-E-1 0.677 Br 2-G-2¢ 4.585 Br 
25000 1-G-2 0.189 Br 1-C-1R 2.525 Br 
24000 ree 1-G-1 29.45 NF 
24000 2-C-1R 20.0 NF 
17000 2-E-1 11.480 NF 
16800 2-E-2 11.348 NF woe. 
Norte: Br indicates specimen broke off in fillet and NF indicates no failure. Where same specimen 


number appears more than once, it means that 
at the lower stress. 
Rolled with !/4-in-radius 6-in-diam roller; 


TABLE 4 ENDURANCE-LIMIT VAI 


FATIGUE DATA ON POLISHED AND ROLLED FILLET SPECIMEN 
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stress was increased on same specimen which did not fail 


all others rolled with !*/s;-in-radius X 35/s-in-diam roller 


UES, SHAPE, AND SENSITIVITY FACTORS 


Fillet q= 
radius Fillet Endurance Rid ky ke kf ke— 1 
R, in rolled limit, psi. (a) (b) (c) ke (d) 
27/32 No 25500 0.160 1.18 1.50 0.79 0.36 
932 No 18500 (100%) 0.053 1.62 2.10 0.77 0.56 
9/32 Yes 24000 (130° 0.053 
(a) d = 5.25 in. and in all cases D/d = 1.25; D = 6.562 in. 
Endurance limit of plainspecimen _ i as 30,000 psi 
Endurance limit of fillet specimen 
Maximum stress in fillet 
(c) ke - = theoretical stress concentration 
Nominal calculated stress 
d) Sensitivity index of material to stress concentration. 
greater variation than reported by Peterson and Wahl,’ and 3 
J | if COMPARISON OF 
Thum and Buchmann." | ALL CURVES 
An endurance limit of 24,000 psi, established for the rolled 
fillet, is 30 per cent greater than the 18,500 psi found for | 
the unrolled polished fillet. ‘24.000 Ps! 
One specimen having a °/3:-in. fillet was rolled with the large | | | €i8500 Ps! 
roller previously described (Spee. No. 2G2 shown in Table 3, and - POLISH 
by hollow point in Fig. 8) and was expected to have lower fatigue | | | 
resistance than other shafts more intensely cold-worked. This 7 
shaft was tested at 25,000 psi and failed after 4,580,000 revolu- om 7 
tions; this compares with an axle (number ICIR) which was POLISHED 
tested at the same stress but failed in less number of revolutions — TY . 
of 2,530,000. Keeping in mind the value of such a comparison g 2 Ves ‘- 
based on single tests, it is apparent that it may not be impor- 2 25,500 PSIz 
ant which of the two shapes of single rollers is used. 4 * 
. 
A hardness survey was made on a section through a rolled 5 ' Szez 
fillet specimen, as shown in Fig. 10. The surface of the rolled © J 
fillet was found to be about 228 VPN as compared with 197 Z 
VPN for one not rolled. Fig. 10 shows a double bottom for the fa ae | | i } Ya2 R. FILLET 
hardness curve which may be explained on the basis of an un- 2s 1S2_ |) gt SS 
rolled shaft which has a normal hardness gradient from 197 VPN mnsee — 
at the surface to 183 VPN at the core. Rolling produces a hard- “i | Sen! waren G2 
ness penetration of about °/, in. | | | 1 
Examination of all fatigue fractures indicated that the fatigue a 
crack initiated at a location up the fillet from the base of (a) 8 to ici | Hae R. FLLET 
ROLLED 
°“Two- and Three-Dimensional Cases of Stress Concentration, pt 24000 PS! 
and Comparison With Fatigue Tests,” by R. E. Peterson and A. M. } 
Wahl, Journat or Appiiep Mecuanics, Trans. A.S.M.E., vol. 58. 
1936, p. A-15. | | 
“Stress Concentration Index of Steels,’ by A. Thum and W. 20 30 40 


Buchmann, Archiv fiir das Eisenhiittenwesen, vol. 7, 1933-1934, 
p.627. Also consult other references in this paper including discussion. 


Fig. 
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@®k@© FILLET NOT ROLLED 
© FILLET ROLLED 


Fic. 9 TypicaL Fatigue FRACTURES 


SPEC, 1G! 


e ° Re > 
195 
190 
165 
@ 1OKG. LOAD ON PENETRATOR 
180 
175 
DISTANCE FROM 0O.D. INCHES 
Fic. 10 Harpness Graprent Near Base or FILuet 


11 deg for the */s:-in. polished fillet, (b) 10 to 14 deg for the 
*/s-in. polished radius, and (c) 15 to 20 deg for the 9/3:-in. rolled 
fillets, with the exception of one specimen which failed 11 deg up 
the fillet. Also there was no evidence that the fatigue crack may 


have initiated below the surface on the rolled filiets, as both 
rolled and unrolled specimens appeared to have started fracture 
at the surface. 

Rolling of the fillet produces both strain-hardening and residual 
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TABLE 5 COMPARISON OF INCREASE IN ENDURANCE LIMIT 
BY VARIOUS INVESTIGATORS ON SHAFTS WITH _ FILLETS 
WHICH HAVE BEEN ROLLED OR SHOT-PEENED 


Chemical Analysis 


Carbon, per cent........ 0.38 0.36 0.56 0.43 0.53 
Manganese, per cent..... 0.6 0.55 0.68 0.57 0.95 
Silicon, per cent......... 0.3 0.32 0.23 0.24 0.26 
Phosphorus, percent.... 0.02 0.008 0.019 0.017 0.015 
ma “¢ per cent........ 0.018 0.007 0.02 0.026 0.020 
ol, per cent......... 1.52 nee 0.03 0.05 
per cent..... 0.5 0.19 0.01 0.04 


Heat-treatment NandT NandT Q and T NandT NandT 


Puysicau PROPERTIES 


Yield point, psi vbeaneaes 54000 77200 57600 57100 
131600 86000 121200 90000 102200 
Elongation, per cent..... 14.7 Pe 13.6 24 22.9 
Red. of area, per cent... . 42.8 51 50.8 47 41.9 
236 164 247 179 198 
Specimen Dimensions 

0.669 0.591 1.554 5.25 
0.039 0.079 0.25 0.281 
1.29 5.0 1.25 1.25 
0.060 0.133 0.161 0.053 


Enpvrance 

36408-51966 40008 24008 
88% 93% 103% 133% 80% 
68 56 30 54 30 


Plain-polished specimen 
Fillet specimen, not rolled 


Fillet specimen, rolled 


Improvement by cold 
work, per cent 


Roller pressure, lb 15404 §=1135° 770/ = Shot- 1500 
peen 
Footnote reference (13) (13) (14) (15) Authors 


* Basis 30,000,000 51 /s-in. ‘specimens was 20,000,000. 

b Obtained on 0.3-in-diam R re specimen, machined at a/, in. 
radius 2'/«-in-diam hot-rolled bar stock of this steel but not normalized and 
tem er 

his value assumed but 36,000 psi obtained on 0.3-in-diam R. R. Moore 

specimen machined at 34/16 in. radius from 75/s-in-diam wheel seat portion of 
specimen shown in Fig. 
$i 4 Roller contour radius 0.039 in. and diameter not given but estimate was 
2 in 

he ‘Roller contour radius 0.047 in. and diameter not given but estimate was 


2 in. 
‘ / Roller contour radius 0.079 in. and diameter not given but estimate was 
tn. 


compressive stresses in the surface layers of the fillet, and it is 
not known which of these factors is responsible for the increased 
fatigue resistance reported here. Various investigators differ as 
to which of these two factors is beneficial but in view of existing 
evidence,'? the authors are inclined to believe that a combination 
of both conditions may be effective in increasing fatigue resist- 
ance. 


CoMPARISON WITH OTHER INVESTIGATORS 


Most fatigue tests on fillet specimens reported in the literature 
pertain to D/d ratios of 1.5 and 2.0, and on small-diameter 
specimens, so that no data are available for comparison with 
those reported herein. The beneficial influence on fatigue re- 
sistance obtained by rolling fillets has been published by Thum 
and Bruder in two separate publications.'*:'4 Also the results 
of shot-peening were investigated on fillet members.'* A com- 
plete tabulation of the material, specimen shape, and fatigue re- 
sults is given in Table 5, in comparison with that for the 5'/,-in- 
diam members reported herein. The percentage improvement in 
fatigue resistance through cold-working reported in these other 
investigations ranges from 30 to 68 per cent, as compared with 
30 per cent on large specimens given in this paper. 


12 “Increasing the Fatigue Strength of Press-Fitted Axle Assemblies 
by Surface Rolling,’’ by O. J. Horger and J. L. Maulbetsch, Jour- 
NAL OF AppLiepD Mecuanics, Trans. A.S.M.E., vol. 58, 1936, p. A-91. 

13 “Danger of Fatigue Failure in Grooves of Shafts and Axles and 
Its Diminution,”’ by A. Thum and E. Bruder, Deutsche Kraftfahrt- 
forschung, no. 11, 1938, pp. 1-10. 

14“‘Flanged Shaft Fatigue Fractures and Their Causes,” by A. 
Thum and E. Bruder, Deutsche Kraftfahrtforschung, no. 41, 1940, pp. 
1-10. 

6 “Shot Peening to Improve Fatigue Resistance,’’ by O. J. Horger 
and H. R. Neifert, Proceedings of the Society for Experimental Stress 
Analysis, vol. 2, no. 2, 1944, pp. 1-10. 
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Design of Beams of Long Span and Low 
Specific Strength 


By I. OPATOWSKI,' CHICAGO, ILL. 


The paper gives methods for the design of cantilevers of 
uniform strength in bending in those cases in which the 
weight of the beam cannot be neglected in calculating the 
bending moment. This occurs in concrete structures 
when the span is large and the strength of material rela- 
tively low. 


F IT is required, for economical or other reasons, to save on the 
amount of material employed, beams subjected to bending are 
designed of uniform strength. When the weight of the beam 

is not negligible with respect to the external load, the design of 
such a beam requires the solution of an integral equation, a fact 
which has been pointed out already by Blasius (1).2 Beams of 
uniform strength under the bending action of some types of ex- 
ternal load and their own weight were discussed quite recently by 
Gaede (2) and applied to the design of concrete bridges. The 
case of cantilevers with a single end load has also been analyzed 
recently (3). The present paper considers a completely general 
type of load and solves the problem by a new method. 

To simplify the mathematical formalism, beams with a vertical 
and a horizontal plane of symmetry are considered. The inter- 
section of these planes is taken as the z axis of a system of or- 
thogonal Cartesian co-ordinates, x, , z, with the origin at the free 
end of the cantilever. The y axis is vertical. 

Let M(x) be the bending moment due to the external forces 
alone, which are assumed to act in the z-y plane. Let o be the 
maximum bending stress, y the specific weight of the material 
from which the beam is made, A(x) the area of the cross section, 
and S(z) its section modulus with respect to the z axis. The 
condition of uniform strength in bending is 


+7 fy — = (1) 
If Lis the length of the beam, its weight is 


fy’ 


Beams oF ConsTANT ‘‘HEIGHT”’ 


Consider a cross section of any shape and assume for simplicity 
that the points of maximum bending stress are in the plane (z, y). 
Let the distance of these points from the neutral axis, that is, from 
the z axis, be an assigned constant quantity 7. The “‘height” of 
the beam measured in the plane (z, y) is of course 27. Let z = 
f(z, y) be the equation representing the surface of the beam. 
Since 


1 Mathematical Consultant in Mechanics, Armour Research Foun- 
dation. Mem. A.S.M.E. 

2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Presented by the Applied Mechanics Division at a meeting of the 
Chicago Section, June 16-19, 1945, of Tae AMERICAN SociETY OF 
MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until Oct. 10, 1945, for publication at a later date. Discussion re- 
ceived after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


A(z) = 4 


S(x) = (4/n) fy" yflay)dy [4] 


the substitution of Equations [3] and [4] into [1] gives a linear 
integral equation for f(z, y). A consequence of the linear charac- 
ter of this equation is that, if z = f,(z, y) represents a beam of 
height 2 of uniform strength under the action of an external 
bending moment (x) and of its own weight W; then z = 
> f(z, y) represents a beam of the same height and of uniform 
strength under the action of the external bending moment 2, ;(z) 
and of its own weight which is 2;W,. This is a kind of ‘“‘super- 
pesition property.” 

We limit ourselves to functions which are of the type of a prod- 
uct f(z, y) = X(x)¥(y). Substituting this expression of f into 
Equations [3] and [4] we get 


A(z) = aX(e), S(z) = 
where 
Therefore, we have from Equation [1] 
+a? —)X (Ode = ......... (7 
where 
m(x) = M(2x)/(e8), a? = ya/(eB)........... 


The integral Equation [7] is of Volterra type in X(z) as the un- 
known. Differentiating Equation [7] twice with respect to + 
the following is obtained 


X"(z) - 
X(0) = m(0), X’(0) = m‘(0)............ [10 


where the primes stand for derivatives with respect to 2. The 
validity of Equations [9] and [10] is of course restricted to a 
range of x within which the first two derivatives of the bending 
moment are continuous. The solution of Equations [9] under 
the conditions of Equations [10] and therefore of Equation [7| is 


X(x) = a>} sinh (ax + sinh (az) 
+ m(0) cosh (az). . {11 


If the integral term of Equation [11] is integrated by parts, the 
following simple expression is obtained 


= m(z) + sinh (az — (12) 


It is easy to see that the validity of Equation [12] is completels 
general in the sense that it is not subject to any condition of con- 
tinuity of m’and m”. This has an importance in the case of con- 
centrated and stepwise distributed loads, which, as is well known 
cause a discontinuity of m’. 

From Equations [2], [5], [9], and [10] one has within the 
interval of continuity of M’(x) 


W = ay = — 
= o6X"(L) — M'(L)..[13 
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f = X(x) and, consequently, Y(y) = 1. 
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For an end load F, we get from Equations [11] and [13] 
X(z2) = F(ac8)—' sinh (az)............. {14} 
W = F cosh (aL) | {15} 


For a load distributed uniformly with an intensity p 


X (zx) P(ya)~"[eosh (ax) — 1]........... [16] 


W = sinh (aL) — pL............. [17] 


Consider as a numerical example a cantilever of rectangular 
cross section of constant height of a length L = 10 ft. Let the 
external load consist of a concentrated end load F = 7000 lb and 
of a weight 600 Ib per ft uniformly distributed over a length of 8 ft 
from the clamped end. Let ¢ = 75,000 psf, y = 150 lb per cu ft. 
Because the cross section is a rectangle, the function f (Fig. 1) 
represents one half the width of the beam. Since the latter has 
a constant height, f is a function of 2 only, so that we may put 
Let the height of the 
beam be assigned and equal to 2 ft, so that » = 1 ft. From Equa- 
tions [6] and [8], we have a = 4, 8 = 4/3, a? = 0.006. 
Equations [14] and [16| and the superposition property give 
the width of the beam 2.Y(z) equal to 


1.818 sinh (0.0772) for < S 2 


1.818 sinh (0.077z) + 2 cosh (0.0772 — 0.154) — 2 for 2 < x< 10 


From these equations the width of the beam is obtained as 
follows: At the free end it is = 0; at the clamped end, that is, at 
r = 10ft, itis 1.93 ft; at 2 ft from the free end, it is 0.28 ft. 

The curved surface of the beam forms an angle of 7° 58’ with 
the neutral axis at the free end, 8° 4’ at x = 2 ft, and 15° 53’ 
at the clamped end. The profile of the beam is therefore slightly 
concave toward the outside, which may be seen also directly from 
Equation [9], because X"(r) > 0. The.weight of the beam is 
calculated by putting L = 10 ft in Equation [15], and Z = 8 ft in 
Equation [17], and applying the superposition property. In this 
way W = 2180 + 309 = 2489 lb is obtained as a result. 

It is of interest to compare the width 2X(z) with the width 
2X*(x) that a beam of the same height would have if its weight 
were neglected in calculating the bending moment. By Equa- 
tions [8] and [12], putting a = 0 


X*(z) = m(x) = M(x), (08) 
s0 that by Equation [14], for a concentrated end load 
X/X* = (axr)~' sinh (ax) 1 + 
Taking into account Equation [8] for a, it is seen that the effect 
of the beam’s own weight increases as the square of its length, and 
decreases as the specific strength o/y increases. In the numerical 
example which has just been worked out, the increase of the 


width of the beam due to its weight is 10 per cent at z = 10 ft. 
For a uniformly distributed load, we have from Equation [16} 


X/X* = [2 cosh (ax) — 2]/(axr)? 1 + (a%z?//12) 
Now the effect of the weight of the beam is only one half as great 
as before. 
oF Constant ‘‘WiptH” 


Take the equation of the surface bounding the beam in the 
form y = g(z, z) (Fig. 1). Let 2¢ be the width of the beam meas- 
ured in the neutral plane, that is, in the plane (z, z). Assume 2¢ 
constant. Then 


A(z) = 4 [18] 


S(x) = [4/g(2, 0) [19] 


where g stands for g(z, z). Substituting Equations [18] and [19] 
into Equation [1], one obtains a nonlinear integrodifferential 
equation in g(x, z). We limited ourselves to functions of the type 
of a product g(z, z) = G(x)Z(z). Substituting this expression of g 
into Equations [18] and [19], and putting 


4 » = So 
we get 
A(z) = wG(z), S(z) = [20] 


It should be noted that Equation [19] is not good for a rectangular 
cross section because, since the latter has a constant width, g is a 
function of z only (Fig. 1). It may be seen, however, directly 
that Equations [20] hold also in this case if one puts 


2¢ being the width and 2G@ the height of the rectangle. 


From Equation [1], we have 


n(z) + fre — = [G(z)]?......... [22] 
where 
n(x) = M(x)/(ov), 6? = (yu)/(or)......... [23] 


There are several methods for the solution of Equation [22], as 
follows: 

(a) Method of Successive Approximations. One may take as a 
first approximation of G(x) the expression which is obtained from 
Equation [22] by neglecting the weight of the beam, that is, by 
putting b = 0. This gives Gi(z) = [n(x)]'/*. A second ap- 
proximation of G(z), let us call it Gi:(z), is then the square root of 
the left-hand side of Equation [22], where Gi(z) has been put for 
G(x). Using Gu(z), a third approximation of G(z) is obtained in 
a similar manner. Since Gi(xz) < G(z), it is clear from Equation 
[22] that this method gives an expression of G(z) which is always 
smaller than the exact one. In general, however, Gir(x) is suffi- 
cient for practical purpose. 

(b) Expansions in Power Series. The relations 


n(z) = Z,n,;z', G(z) = [24] 


if substituted into Equation [22] yield, by the method of com- 
parison of equal powers of z, the following system of equations 
from which the coefficients G; may be calculated successively 


2G.G; + 24,4, — (b? '6)G, = etc... [25] 


0 [b?/(i2 — 2) |G; -2 = n,; 


2s f(x,y) 
x 


¥29(x,2) 
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The coefficients n, are of course known because they represent the 
bending moment of the external load. It should be noted, how- 
ever, that the power series for G(z) is not always convergent. 
For instance, if there is only a concentrated end load, we have 
no = 0, + O and, consequently, G = 0,G, = ©. 

Another series for G(x) is the following 


[G(x)]* = [26] 


It may be seen from (a) that 2,H,z* may be looked upon as a 
factor representing the effect of the weight of the beam on its 
size. Substituting Equations [24] into [26], one gets the relation 

jai 


which gives successively, with the help of Equations [25], the 
coefficients Ho, Hi, etc. For instance if mp + 0, one obtains 


[G(x)]* = n(x) {1 + — + ..} 
(c) Reduction to an Elliptic Integral. Differentiating Equation 


[22] twice with respect to z, a differential equation for G(z) is 
obtained 


{ (G(z)]?}" — G(z) = [28] 
with the initial conditions 
Ge = %, = n'y ool [29] 


where the primes stand for derivatives with respect to z and the 
subscript ( )» indicates that the function is calculated at z = 0. 
The validity of Equations [28] and [29] is of course limited to 
the interval of z in which n’ and n’, that is, M’ and M” are 
continuous. 

If the external load consists of concentrated and uniformly dis- 
tributed weights n” is constant by Equation [23]. Cons2- 
quently, the solution of Equations [28] and [29] is the elliptic 
integral 

z= + (n"/2)G? — .[30] 
where n” is the constant value of n”(z) and 
K = (62/3)G,* + (n"/2)Go? — (n;/2)? 


The weight of the beam may be written by Equations [2], [20], 
and [30] in the form 


fy = wy 


where [...] is the same as in Equation [30], and G, = G(L). If 
n* = 0, which occurs, for instance, when the external load consists 
of a concentrated end weight only, we get 


W = (2uy/b*) { [(b°G,?/3) — K]'/* — [(b°G.*/3) — .. .[31] 


Consider, as a numerical example, a cantilever with a concen- 
trated load of 9000 Ib at the free end. Let the specific weight 
and the maximum bending stress be the same as in the example 
given in the first section, that is, 150 lb per cu ft, and 75,000 psf, 
respectively. Let the cross section be a rectangle of a width 
2¢ = 1ft. Then from Equations [21], [23], and [24], the follow- 
ing are derived: yp = 2,» = 2/3, ov = 50,000, yu = 300, b? = 
0.006, Go. = 0, m = 0,m = F/(ov) = 0.18, = 0. Applying 
the method of successive approximations, there results as a first 
approximation 

Gi(z) = (0.18z)'/? 


The second approximation is 


Gn(z) = (0.18% + [32] 
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Instead of using this method, there can be calculated numerically 
the integral Equation [30], which is now 
G 
z= 
where Q = G(0.002G? + 0.0081)-'/2 


This calculation is illustrated in Fig. 2. If the length of the 
cantilever is, for instance, 10 ft, its height at the clamped end is 


| | 


t 


STANCE FROM THE FREE END | | 
| 


Fig. 2 


(To simplify the diagram a common axis has been used for the variables z 
and Q. The curve Q represents the relation between Q and G, the curve 
gives G as a function of z.) 


2G = 2.85 ft, from Fig. 2, and 2G = 2.84 ft by Equation [32]. 
Equation [31] gives the weight of the cantilever W = 2784 lb. 
The effect of the weight of the beam on its size is shown in Fig. 2 
by the deviation of the curve Q from its initial tangent line 
For cantilevers of small length, up to about 6 ft, the effect is 
negligible. The curve G is the upper half of the longitudinal sec- 
tion of the beam, and it is interesting to point out that beyond 6 
ft it is practically a straight line. 

To show the method of calculation when the derivatives of the 
bending moment of the external load are discontinuous, let us 
assume that besides the end load of 9000 lb, there is also a load of 
1000 Ib at 5 ft from the free end. Of course this additional load 
does not change the shape of the cantilever over the first 5 ft from 
the freeend. To calculate the remaining part, the origin of the z 
axis is shifted to the point of application of the 1000-lb load. 
Then the external bending moment between that point and the 
clamped end is represented by an expression of the type n(z) 
=ne+nz. From Fig. 2, one.has G = 0.98 at x = 5. Conse- 
quently, nm = (0.98)? = 0.96, by first Equation [29]. Taking 
into account Equations [23] and [24], one has also n, = 1000 
/(ov) = 0.02. With these values, we get from Equation [27] a 
rapidly convergent expression for the height of the cantilever be- 
tween the load of 1000 Ib and the clamped end 


2G(x) = {(3.84 + 0.08zr){1 + 0.003z2(1 — 0.0172) + ...}}'” 


where the origin of the z axis is at the point of application of the 
1000-lb load. 
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Cumulative Damage in Fatigue 


By MILTON A. MINER,' SANTA MONICA, CALIF. 


The phenomenon of cumulative damage under repeated 
loads was assumed to be related to the net work absorbed 
by a specimen. The number of loading cycles applied 
expressed as a percentage of the number to failure at a 
given stress level would be the proportion of useful life 
expended. When the total damage, as defined by this 
concept, reached 100 per cent, the fatigue specimen should 
fail. Experimental verification of this concept for an 
aluminum alloy, using different types of specimens, vari- 
ous stress ratios, and various combinations of loading 
cycles is presented. These data are also analyzed to pro- 
vide information on different stress ratios when an S-N 
curve for any one ratio is known. Results of a sample 
analysis based on experiments are given. It is con- 
cluded that a simple and conservative analysis is possible 
using the concept of cumulative fatigue damage. 


INTRODUCTION 


ROGRESS with methods of fatigue analysis has been slow 
because of lack of basic information on material behavior 
and, more important, because no method of handling any 
but the simplest problem has been available. Any solution re- 
quires several tools before other than a simple comparative 
analysis based on tests can be made. (Even in compara- 
tive tests the experiment may easily be oversimplified to the ex- 
tent that significant effects are completely lost.) 
These tools must provide the folowing: 


1 Information on the loading conditions to be encountered 
(number of cycles, frequency of occurrence of gusts, etc.). 

2 Information regarding the number of cycles to failure of the 
material or part at various stresses, i.e., S-N curves. 

3 Means for evaluating the cumulative effects of cycles of 
stress at various stress levels. 

4 A method of relating various loading cycles (i.c., cycles of 
stress with different ratios of minimum to maximum stress). 


Item 1 of this list is a general problem of a magnitude beyond 
the scope of the laboratory experimenter, the designer, or the 
stress analyst. They must rely on service information where 
available or otherwise make conservative loading estimates. 
This problem is important and must be undertaken on a larger 
scale than is possible in the laboratory. 

Item 2 is obtainable experimentally in most cases, and data 
can be augmented with instrumentation of parts in service and 
carefully prepared service records. 

The principal purpose of this paper deals with item 3, a means 
for evaluating the cumulative effects of cycles of stress at various 
stress levels. Item 4 is supplemental to item 3 and is also dealt 
with since it is very necessary in most practical problems. 


1 Strength Test Engineer, Douglas Aircraft Company, Inc. 
nted at a meeting of the Aviation Division, Los Angeles, 
Calif., June 16-17, 1945, of Taz American Sociery oF MECHANICAL 
ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until Oct. 10, 1945. Discussion received after the closing 
date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


B. F. Langer? presented a method for estimating the effects of 
loading cycles of different stress amplitudes in 1937. The 
propagation of a crack is related to a damage curve, obtained as 
in work at Battelle Institute,* or to the start of a crack. Langer 
also suggested certain experiments to verify the proposed calcu- 
lation. A discussion‘ of the work of Thum and Federn, Bollen- 
rath, Nissen, and Kaul indicated trends of thought toward 
establishing a cumulative damage approach to fatigue failure. 
Thum and Bautz® also discussed some of the aspects of this 
problem. 

Consideration of these various approaches led to an attempt 
to simplify the various phases of the damage problem in fatigue. 
Since aircraft structures are mainly made of aluminum alloys, 
this material was chosen for the tests although alloy steels are 
still important. Also, the appearance of a crack in an airplane 
structural member has required repair or replacement before 
further operation was possible; thus a crack can be considered 
as a failure in an aircraft structural component. To account for 
the effects of stress cycles above some arbitrary lower limit (for 
convenience say the stress at NV = 10’) a simple concept of dam- 
age was first considered. This concept held that the damage 
could be expressed in terms of the number of cycles applied 
divided by the number to produce failure at a given stress level. 
When the summation of these “increments of damage” at several 
stress levels became unity, failure occurred. 


ASSUMPTIONS AND LIMITATIONS OF CONCEPT 


The complexity of loadings encountered in aircraft makes any 
approach to a fatigue analysis approximate at best. Therefore, 
simplifying assumptions must be made so that a start is possible. 
To this end the following assumptions are made: 


1 The loading cycle is sinusoidal. 


2 The total amount of work that can be absorbed produces 
failure (under the further assumption that no work-hardening 
occurs). 

3 The relationship between various stress ratios (ratio of 
minimum stress to maximum) is approximately as shown in 
Figs. 1(a) and 

4 The inception of a crack, when observed, is considered to 
constitute failure. 


These assumptions for the sake of experimental brevity are also 
subject to the following limitations: 
1 Only aluminum alloys are to be studied. 


2 Only maximum stresses above the stress at which fatigue 
failure occurs at 10? cycles are to be considered. 


2 “Fatigue Failure From Stress Cycles of Varying Amplitude,” by 
B. F. Langer, JourNAL or AppLieED Mecuanics, Trans.. A.S.M.E., 
vol. 59, 1937, p. A-160. 

3 “Prevention of the Failure of Metals Under Repeated Stress,” by 
Battelle Memorial Institute Staff, John Wiley & Sons, Inc., New 
York, N. Y., 1941, pp. 92-96 and pp. 188-206. 

4 Ibid., p. 205. 

§ Discussion of Langer’s paper,? by A. Thum and W. Bautz, Jour- 
NAL OF AppLIED Mecuanics, Trans. A.S.M.E., vol. 60, 1938, p. 
A-180. 

* “Elements of Strength of Materials,’’ by S. Timoshenko and G. 
——— D. Van Nostrand Co., Ine., New York, N. Y., 1935, 
p. 318. 
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LIMITS OF s, 

USABLE 

v4i> <. This expression is demonstrated to hold true experimentally 
te within the limits of the assumptions. 
seme us. It should be noted that the significant feature of the cumulative 


LINE CB REPRESENTS THE MINIMUM STRESS LINE, 
WHILE AB REPRESENTS THE MAXIMUM STRESS LINE 
THE STRESS RATIO ‘(R) EQUALS THE ORDINATE OF 
CB DIVIDED BY THE ORDINATE OF AB 


Fie. 1 (a) Mopiriep GoopMan DraGram 


EXTREME RANGE 
OF TEST VALUES —, 


R DERIVED 
FROM FIG 1A 


Fic. 1 (6) Prot or Stress Versus R SHow1ING AGREEMENT 
TWEEN Srraicut Line From Fia. 1(a) anp Test RESULTS 


NOMENCLATURE REFERRED TO FiGs. 2(a) AND 2(b) 


S = either maximum or minimum stress 

S, = ultimate static tensile strength 

; = maximum stress in a loading cycle (i.e., the stress of 
greater magnitude regardless of whether it is tension 
or compression) 


\, = number of stress cycles to failure at stress, S; 
nm; = number of cycles applied at S; 
WW = work done to failure 
uw) = work done at n; cycles 
Sin = Minimum stress in given loading cycle (may be any 


value less than S, either tension or compression) 
R = ratio of minimum stress to maximum stress in loading 


cycle 


DEVELOPMENT OF CONCEPT AND EXPERIMENTAL 
VERIFICATION 


If W represents the net work absorbed at failure, then 


wy ny 
\ 
and similarly for we, m2, Ne, ete., and wy, + we + wy + . uv, =W 
at failure). 
Hence 
Ww, 4 We + W3 Uy, 1 
snd substituting values of Equation [1] 
Ne Nz Ny, 


damage concept lies in the hypothesis that failure occurs when 


n 
= 1 


N 

In Fig. 3 are shown the types of specimens employed in the 
experiments. It should be noted that all specimens were made 
from Alclad 24S-T sheet material. 


—- 


STRESS 


Fig. 2 (a2) AssumMep LoapiInG 


STRESS 


° N N, 
CYCLES, N 


Fie. 2 (6) Typicat S-N Curve ILLusrrating NOMENCLATURE 


The equipment used to perform these tests was essentially the 
same as that shown in Fig. 4, and in the line diagram, Fig. 6(a). 
Positive dynamic load control was maintained through the use of 
electrical-resistance strain gages, coupled in series with the test 
specimen and indicating on a DuMont type 208 5-in-tube 
tathode-ray oscilloscope, Fig. 5 and Fig. 6(6). 

The basic S-N curves are shown in Fig. 7. Stress-ratio values 

stress ) 
— —— }of +0.50, +0.20, and —0.20, determined 
maximum stress 

experimentally, are presented. Fig. 8 is a reproduction of a por- 
tion of Fig. 7 with results plotted for three typical specimens 
from Table 1. Fig. 8 is plotted to illustrate graphically the load- 
ing cycles employed and the agreement of the final failure with the 
cumulative damage concept. 

The method of plotting the cumulative eycles in Figs. 8, 9, and 


n 
10 is based on the proportion, n° At any ratio of =, a per- 
4 
centage of useful life has been consumed. This proportion is 
used to determine the starting point of ng at a different stress. 
Thus specimen $19 was run at 33,300 psi for 135,000 cycles. 
Si 243 000 ny 135,000 
Since N, = 243, cycles, — = —— 
V, 243,000 
lower stress of 29,600 psi, this was equivalent to 0.55 x \: 
= 0.55 X 330,000 = 181,000 cycles which is the point from which 
ng starts in Fig. 8. Now since n, = 141,000 cycles at failure, 
nm, 141,000 
— = —— = 0.43, and the value of = o = 0.98. This same 
N. 330,000 N 


= 0.55, and at the 
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MINER—CUMULATIVE 


TEST SECTION PRODUCED BY A 6 INCH 
DIA FLYCUTTER TILTED 9 1/2 


hie. (a PLAT-SHEET FATIGUE SPECIMEN 
3/16 INCH FLUSH HEAD ‘100 
6 | SCREW - 10 REQUIRED 
9/32 
5/8 
o 
| 3 
o | GRAIN 
® 


051 05) 24STAL 


Fic. 3 FATIGUE SPECIMEN 


Fie. 4 Axtat-Loapinc Fatigue MacHINe 
Nor SHown) 


MAX LOAD OR STRESS 
‘TENSION 


MIN. LOAD OR 
© = 20% MAX 
(TENSION) 


NO LOAD ‘O) 


Trace or Srress-Time Wave Form From 
sScoPE RECORDER 


DAMAGE IN FATIGUE A-161 
FLYWHEEL AND 
ADJUSTABLE 
CCENTRIC — 
LOAD MEASURING 
| a RING EMPLOYING 
MOTOR - SPECIMEN 
oN 
FLEXURAL 
PIVOTS 
LOADING 7 
BEAM 


Fic. 6 (a) Line DiaGram or Typicat Fatigue MAcHINE 


5 INCH OSCILLOSCOPE 
SHOWS SIMULTANEOUSLY 
| LOAD WAVE FORM 


AMPLIFIER 


4 MAXIMUM LOAD 


VIBRATOR 
STRAIN FOR INSERTING 
GAUGE CIRCUIT ZERO LOAD BROWN POTENTIOMETER 
TO MEASURE MINIMUM LOAD USED AS MV SOURCE 
AN 
MAXIMUM LOAD 
SATTERY POWER 
12V | CHARGER } SUPPLY 
BATTERY T T 


nov ac 


Fic. 6 (6) Line Diacram or Loap-ControLt Crirevit 


ULT 68.900 PSI 
65 000 7 - T 


YIELD 
47.575 PSI 
45.000 


MAX TENSION STRESS. PS! 
+ 


30.000 


15,000 10° 5 
CYCLES TO FAILURE 


Fie. S-N Curves at Vartous R Values ror 248S-T Ateiap 


procedure is used to plot the other points serving as examples 
Table 1 gives the results of a number of experiments all of which 
were run at two or more stress levels at a stress ratio of +0.20. 


The average test value for v is 0.98. The maximum and mini- 


mum values are 1.45 and 0.61. If only the last eycle of loading 
is plotted for these tests (assuming that only this final stress 


n., 
cycling caused the failure), the average value of — is 0.37, thus 


indicating that the damage from the other loading cycles cannot 
be ignored. 

Fig. 9 is representative of a more complex type specimen (in 
this case a dimpled flush serew joint) in which the S-N curve ha- 
been established and two tests have been run at different stress 
levels. 

It should be pointed out at this point that the author believes 
that “‘stress-raisers’’ or stress concentrations are best handled in 
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TABLE 1 RESULTS OF EXPERIMENTS RUN AT TWO OR MORE STRESS LEVELS 
Maximum 
Specimen stress, n N 
no. and psi or cycles cycles Lu = n 
type * load, lb 1000 1000 N N Remarks 
1-B (1) *4300 : Pe 31.5 0.44 Load decreased to (2) 
(2) *3515 15.6 64 0.24 Load decreased to (3) 
(3) #2735 120 155 0.77 Failure 
2-B (1) #2735 7: 155 0.46 Load increased for (2) 
(2) *3515 20 64 0.31 Load increased for (3) 
(3) *3900 1.2 45 0.03 ile Failure 
S-19-A (1) 33300 135 243 0.55 ; Load reduced to (2) 
(2) 29600 141 330 0.43 — Failure 
S-20-A (1) 33300 135 243 0.55 - Load reduced to (2) 
(2) 25000 306 640 0.48 ‘at Failure 
S-21-A (1) 33300 135 243 0.55 , Load reduced for (2) 
(2) 22500 1330 3000 0.44 oe ailure 
S-22-A (1) 30000 180 320 0.56 ; Load increased for (2) 
(2) 33300 108.8 243 0.44 _ Failure 
§-40-A (1) 30000 128 320 0.40 ; Load increased for (2) 
(2) 50000 29.9 85 0.35 — Failure 
§-~42-A (1) 30000 108 320 0.34 Load decreased for (2) 
(2) 27500 97.5 420 0.23 Load increased for (3) 
(3) 32500 9.1 260 0.04 - Failure 
S-43-A 1) 25000 102.5 640 0.16 ; Load increased for (2) 
(2) 35000 55.5 215 0.26 Load decreased for (3) 
3 27500 97.5 420 0.23 Load increased for (4) 
4) 32500 26.9 260 0.10 as Failure 
S-48-A (1) 35000 100 215 0.46 Load decreased for (2) 
(2) 30000 100 320 0.31 Load decreased for (3) 
(3) 27500 230 420 0.55 a Failure 
S-49-A (1) 27500 200 420 0.48 , Load increased for (2) 
(2) 30000 80 320 0.25 Load increased for (3) 
(3) 35000 82.5 215 0.38 oo Failure 
*Nores: Stress ratio + 0.2 for all specimens. 
Specimen type A is illustrated in Fig. 3(a), and type Bin Fig. 3(b). 
Average value of = ¥ = 0.98 in Table 1. 
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fatigue by experimentally establishing S-N curves on specimens or 
parts which contain the actual concentrations wherever possible. 
Applying factors or corrections does not seem feasible at the 
present time. 


Meruop or RevatinGc Various Srress Ratios 
By use of a modified Goodman diagram, Fig. 1(a), the fatigue 


Joint 1n 24S-T 


characteristics of a material or part can be compared even though 
the information available has been obtained for varying ratios of 
minimum to maximum stress. Experiments with Alclad 24S-T 
aluminum-alloy specimens do not result in a straight line such as 
that in Fig. 1(a); however, the variation is not great. In Fig. 
1(b), the lower-limit curve, bounding the shaded area, has been 
obtained from the modified Goodman diagram in Fig. l(a). It is 
useful in presenting a cross-plot of stress (expressed as a percent- 
age of the ultimate tensile strength) against stress ratio R, for a 
given number of cycles. The upper curve of the shaded area 
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TABLE 2 RESULTS OF EXPERIMENTS IN WHICH PERCENTAGE OF DAMAGE WAS IMPOSED 
AT ONE STRESS RATIO, THEN RATIO AND LOAD CHANGED UNTIL FAILURE OCCURRED 


Specimen Maximum bye 

type psi 

8-38-A —0.20 (1) 35000 33 
(2) 27500 108.7 

+0.50 (3) 40000 143 

8-55-A —0.20 (1) 30000 40 

+0.20 32500 80 

+0.50 3) 40000 80 

8-56-A —0.20 35000 40 
+0.20 2) 32500 149.5 

8-57-A —0.20 37500 40 

+0.20 2) 25000 423 

§-58-A +0.20 {3 25000 312 
—0.20 2) 37500 8 

8-59-A —0.20 40000 30 

+0.20 2) 26700 83 

8-60-A +0.20 200 
—0.20 46.2 

8-62-A —0.20 35 
+0.20 30700 26700 32.5 

§-63-A +0.20 1) 25000 350 
—0.20 37500 23.8 


Nore: Average value for = = 1.05 in Table 2. 


represents the maximum deviation of test values of various ex- 
perimeters including some unpublished data on Alclad 248-T 
material. 

Thus it is apparent that the lower curve is in fair agreement 
with experiments and gives conservative stress values. Also the 
expense and simplicity of handling of particular problems using 
the straight line are greatly improved, since the large numbers of 
tests necessary to establish several S-N curves can thus be 
avoided. For the purposes of this paper, S-N curves at various 
R values have been experimentally established, Fig. 7, so that 
the accuracy of the damage concept can be ascertained. 

Table 2 gives results of experiments in which a percentage of 
damage was imposed upon a specimen at one stress ratio R, then 
in most cases the stress ratio and load were changed and the 
specimen tested until failure occurred. In several cases, three 
different stress ratios were employed both in the positive and 
negative range (i.e., both tension-tension and tension-compression 
loads). As in the case of tests run at a constant stress ratio, the 
value of N is taken directly from the S-N curve; the difference 
here being that S-N curves are required for each stress ratio. 

Fig. 10 presents several of the results from Table 2 in graphical 


form. It is to be noted that the average value of = - is 1.05 for 


these experiments. The maximum and minimum values are 1.49 


and 0.80. 


Discussion OF RESULTS 


Although only twenty-two tests are presented in the results of 
Tables 1 and 2, other data are available which further tend to 
confirm the results herein presented. The concept that damage 
in fatigue is cumulative and is proportional to the work done on 


N 
cycles n 
1000 N N Remarks 
80 0.41 Load decreased for (2) 
187 0.58 Failure 
= 0.99 
187 0.68 Load increased for (2) 
48 0.13 Failure 
= 0.81 
48 0.42 R changed 
155 0.32 R changed 
430 0.30 Failure 
= 1.04 
137 0.29 R changed, load increased 
260 0.31 R changed, load increased 
430 0.19 Failure 
= (0.79 
80 0.50 R changed, load decreased 
260 0.57 Failure 
= 1.07 
63 0.64 R changed, load decreased 
640 0.66 Failure 
= 1.30 
640 0.49 R qhanend, load increased 
63 0.90 Failure 
= 1.39 
48 0.63 R changed, load decreased 
460 0.18 Failure 
= 0.81 
460 0.43 R changed, load increased 
48 0.96 Failure 
= 1.49 
48 0.73 R changed, load reduced 
460 0.07 Failure 
= 0.80 
640 0.55 R changed, load increased 
63 0.38 Failure 
= 0.93 


the specimen (neglecting the effects of work-hardening) would 
appear at first glance to be disproved by several previous works on 
aluminum alloys. However, data ~ Johnson and Oberg,” when 
N 1.05. 
simply shifting the basic S-N curve slightly (entirely within the 
region of mean test values). The single test result presented by 
Stickley,’ cannot be checked without access to the corresponding 


readjusted, give an average value of = — This is done by 


S-N curve; however, it is likely that since = - = 2.00 based on 


the lowest stress for the material, a value of not over 1.50 would 
be reasonable if the mean stress value were used. 

The practice of overstressing specimens for some number of 
cycles then running to failure (or “running out’’) at the endurance 
limit is usually used to prove the presence or lack of damage.* 
This procedure obscures the results quantitatively in terms of the 
cumulative damage concept because of the wide scatter of test 
points in the region of the endurance limit. For this reason no 
accurate picture can be drawn as to the validity of the concept 
for materials other than Alclad 24S-T aluminum alloy because of 
lack of test data. Some investigators have had individual test 
specimens run beyond the S-N curve during the “overstressing” 
run and still not fail when “run out” at the endurance limit. 
The normal scatter in fatigue-testing, however, accounts for this 
behavior in occasional specimens. 

The accuracy of test results is particularly important in at- 
tempting to establish damage information. Small inaccuracies 


7 “Airplane Propeller Blade Life,’”’ by J. B. Johnson and T. T. 
Oberg, Metals and Alloys, vol. 8, 1938, pp. 259-262. 

§ Discussion, Proceedings of the A.S.T.M., by G. W. Stickley, vol. 
43, 1943, p. 763. 
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Points ror TypicaL SPECIMENS WITH SrreEss, STRESS 
Ratio (R), AND NuMBER oF CycLes ALL VARYING 


in loading (which are not so likely in rotating-beam machines, 
but are common in axial-loading types) will result in large varia- 
tions in the number of cycles to failure. Considering the usual 
large scatter, the results obtained in the tests of Tables 1 and 2 are 
felt to be both accurate and significant. The average value for 


= N is 1.015 for the twenty-two specimens. The maximum and 


minimum values are 1.45 and 0.61, respectively. Inspection of 
an S-N curve on which are plotted actual test points will show 
that the scatter of these maximum and minimum values is not 
excessive.® 


SAMPLE ANALYSIS 


The problem is to find the expected life in hours of a hydraulic- 
pressure unit. 

Assume that the pressure vessel is made of aluminum alloy and 
operates from 1500 psi to 3000 psi during part of its operation and 
from 600 to 3000 psi during the remainder. The system operates 
at 20 cycles per min under accelerated test conditions and 60 per 
cent of these operating cycles are of the former type. At 3000 psi 
pressure, the maximum tensile stress is known to be 35,000 psi in 
the critical region. 


Now 
1500 
R, = = + 0.50 
3000 
and 
600 
R, = — = + 0.20 
Also 


m + n2 = 20 cycles per min 
or effectively, 
nm = 0.6 X 20 = 12 cycles per min 
nz = 0.4 X 20 = 8 cycles per min 


® Ref. 3, Fig. 158, p. 202. 
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Now from an S-N curve for the material in question (values are 
assumed for this example) 
N, = 1,000,000 cycles to failure at 35,000 psi and R = + 0.50 


Ne = 215,000 eycles to failure at 35,000 psi and R = + 0.20 
Now 
ny 4 Ne ms n ti f 1 lif i : 
N, ve portion of to ife consumed per minute 
of operation, or 
: 0.49 X 107-4 
100 X 108° 215x108 
and since failure occurs at 1, the pressure unit can be 


expected to fail in 


; = 340 hr 
0.49 X X 60 
continuous operation under these accelerated conditions. 

Of course for an actual case, there are several problems which 
arise to make the determination of fatigue life anything but 
simple, such as the example that is illustrated. The determina- 
tion of the working stress and number of cycles of operation is 
usually a difficult matter involving precise instrumentation and 
careful experimental work or a very careful evaluation of service 
experience and the other factors that can be determined. Then, 
too, S-N curves are required for the particular part in question. 
However, if the critical region of the part is known to have 
negligible stress concentration, S-N curves of the basic materia! 
‘an be used. The modified Goodman diagram in Fig. l(a), or the 
curves in Fig. 1(6), provide a useful means of relating various 
stress ratios at N = 107, but, of course, test curves are still to be 
preferred for greater accuracy. It should be noted that when 
experimental curves are to be established, many actual cases are 
most economically handled with an S-V curve of constant mean 
stress (i.e., with the stress ratio varying) rather than a number o! 
S-N curves for constant values of R. 

An actual problem involving aluminum hydraulic-pressure 
accumulators has been successfully solved by the procedures 
outlined. The accumulators were made of forged 148-T alumi- 
num alloy for which basic material S-N curves were available. 
Test runs on the accumulators indicated that a relatively small 
number of cycles occurring at a lower stress ratio but at the same 
maximum stress might be causing premature failures. Analysis 
of the various possibilities for fatigue failure in the different type 
systems in which the accumulators were used indicated that one 
system was entirely satisfactory while another was not. Actual 
service experience proved the analysis to be correct in both cases. 
A long history of satisfactory service existed in one case while 
in the other, several failures had occurred in a relatively short 
time. 

CONCLUSIONS 

From the evidence available at present, it is concluded that the 

concept of cumulative damage: 


1 Holds true for Alclad 248-T aluminum alloy and probably 
for the other high-strength aluminum alloys. 

2 Provides a simple, practical (and conservative) means for 
analyzing fatigue problems. 

3 Should be experimentally investigated for steels and othe: 
materials to determine its range of usefulness. 
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Inelastic Buckling of Variable- 


Section Columns 


By DANA YOUNG,' AUSTIN, TEXAS 


A method is outlined for determining the critical load 
tor variable-section columns in the inelastic range, that is, 
when the column is so short that buckling takes place 
after the stress at any section has exceeded the propor- 
tional limit of the material. The method is based on 
the Engesser-Considére theory and makes use of difference 
equations to solve the problem. The procedure is illus- 
trated by a numerical example. The results of calcula- 
tions for three different types of pin-ended columns are 
given. 


NOMENCLATURE 


The following nomenclature is used in the paper: 
x = co-ordinate distance along axis of column 
y = lateral deflection of column axis 
P = critical load for column 
L = length of column 


A = area of a cross section of column 
7 = moment of inertia of column cross section 
k = radius of gyration of column cross section 


d = diameter 
h = depth of a rectangular cross section in plane of bending 
7, = modulus of elasticity of material 
E, = tangent modulus of material; it is given by slope of 
stress-strain curve 
E = reduced modulus for given material and cross section 
N = number of intervals into which column length is divided 
for purpose of calculations by difference equations 
\ = L/N = length of each interval into which column length 
is subdivided 
C = P\*/Eoly = parameter used in calculations 
o = P/A = unit stress 


The subscripts 0, 1, 2, .... nm .... tare used with A, E, /, k, d, 
h, x, and y to indicate the particular section to which the quantity 
applies. 


INTRODUCTION 


The critical or buckling load in the inelastic range for initially 
straight columns may be determined by means of the Engesser- 
Considére theory (1).2_ The application of this theory to uniform 
columns subjected to axial and eccentric loads has been given by 
von Kérmdn (2) and by Westergaard and Osgood (3). The 
stability in the elastic range of long columns having a variable 


of Applied Mechanics, The University of Texas. Mem. 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, New York, N. Y., Nov. 27—Dece. 1, 1944, of 
Tue AMERICAN Society or MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until Oct. 10, 1945, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


cross section has been extensively discussed in the literature (4) 
through (18). In this paper a method based on the Engesser- 
Considére theory is developed for determining the buckling load 
in the inelastic range for axially loaded columns of variable cross 
section. The method consists in replacing the classical differen- 
tial equation of bending by an equivalent system of difference 
equations; this system of equations is then solved by a trial-and- 
error procedure similar to that used in the Holzer method (19) 
for determining the natural frequency of vibration of a multimass 
system. The solution of a set of difference equations gives an 
approximation to the exact solution of the original differential 
equation. The degree of approximation depends on the 
number of segments into which the column is divided and, conse- 
quently, the results obtained may be made as accurate as desired 
by taking sufficiently small difference intervals. The method 
applies to both elastic and inelastic buckling. 


THE ENGESSER-CONSIDERE THEORY 


The general theory of inelastic buckling has been adequately 
discussed elsewhere (1, 2, 3, 20), and only the pertinent results 
will be summarized here. The principal assumptions on 
which the theory is based are (a) that the column is initially 
straight and of homogeneous material, (6) that plane sections 
remain plane and normal to the axis of the column after bending, 
(c) that the relation between the compressive stress and corre- 
sponding strain for any longitudinal fiber is the same as shown by 
the compressive stress-strain curve of the column material, and 
(d) that the deflections are small. Further, this paper will be 
restricted to the case of axially loaded columns with pinned ends. 
Only primary failure of a column which bends as a unit will be 
considered. Failures due to local buckling of a thin-walled mem- 
ber, to weak connections in a built-up member, or to torsional in- 
stability are not considered. : 

On the basis of the foregoing assumptions, it has been shown 
that the bending of a column under the action of the critical load 
is governed by the familiar differential equation 


except that here # is the so-called reduced or effective modulus. 
The value of E depends on the column material, the shape of 
the cross section, and the average stress P/A. For a given 
variable-section column of some specified material and cross- 
sectional shape, the reduced modulus £ will be different for each 
section since the stress varies along the length. 

For a rectangular section, the reduced modulus may be calcu- 
lated from the formula 

4E, Er 


For an idealized H-section (consisting of two equal flanges of 
negligible thickness and a web of negligible area) the reduced 
modulus is given by 


E, +E; (3] 
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For a circular cross section, it is sufficiently accurate (20) to use 
Equation [2]. The derivations of Equations {1}, [2], and [3] 
are given in the references cited. 

The critical load obtained from the solution of Equation [1] 
is directly analogous to the Euler load for elastic buckling; it 
represents an upper limit which may be approached in tests only 
if all the ideal assumptions upon which the theory is based are 
fulfilled in the experimental procedure. Since such ideal condi- 
tions are not likely to prevail, it is to be expected that test re- 
sults will be somewhat lower than the theoretical. It has been 
found in some tests (21, 22, 23) that the experimentally deter- 
mined buckling loads can be closely approximated by using the 
tangent modulus instead of the reduced modulus in Equation [1]. 
The reduced modulus will be used in the following work, but there 
is no difference in procedure if anyone desires to use the tangent- 
modulus concept instead. 


DIFFERENCE-EQUATION SOLUTION 


Due to the variable £ and /, it is not possible in the general 
case to obtain an analytical solution for Equation [1]. However, 
if the differential equation is replaced by a set of difference equa- 
tions, these may be solved numerically to determine the buckling 
load. 4 

Consider an initially straight pin-ended column of length L. 
Under the action of the critical load P, the column will deflect 
laterally into some curve y = f(z). Let the length L be divided 
into N equal segments whose length will then be A = L/N. 
Denote by yo, 1, ¥2, ---Ya»--- the ordinates of the deflection curve 
at successive interval points or sections, as shown in Fig. 1. The 
second derivative at any section where z = z, may be approxi- 


mated by 
1 
x2 + Yn -1) 


Fic. 1 Co-Orpinate Notation ror Bent CotuMN 
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Substituting this difference relation into Equation [1] and re- 
arranging, we obtain 


Py? 


in which the subscript n has been added to E and J to emphasize 
the fact that here we must use the particular values of these two 
quantities that exist at the section z = z,. One such equation 
may be written for each section along the column. This leads 
to a set of simultaneous equations which may be solved by a trial- 
and-error procedure directly analogous to the Holzer method, as 
will now be described. 

Let us restrict the discussion to pin-ended columns which are 
symmetrical with respect to the mid-section. Denoting the de- 
flection at the mid-section by y and at the end section by y,, and 
writing Equation [4] for each section successively, we obtain the 
following system of equations 


= Yo 

ys = — yo Cx 

= — Cys (5) 
= 

= — = 0 | 


where 


ct 
N°Eglo Ay ke? N°E, 


The parameter C is undetermined. The first of Equations [5] is 
obtained by observing that y; = y— 1 due to the symmetry of the 
column. 

For a given column and a specified critical stress a9 = P/Ag, 
the Equations [5] may be solved to find the corresponding slen- 
derness ratio L/kp by the following procedure: 

1 Select any number of equally spaced sections along the 
length of the column. For a symmetrical column only one half 
the length need be considered. The more sections that are 
chosen, the greater will be the accuracy and also the work re- 
quired. 

2 Calculate J)/J, for each section. 

3 Calculate Eo/E, for each section. This may be done as 
follows: A curve for the tangent modulus £, as a function of 
o = P/A may be constructed from the compressive stress-strain 
curve of the material. From these data we may compute the re- 
duced modulus £ for different stress values, by the use of Equa- 
tions [2] and [3], and plot the results. From this curve, we may 
then simply read off the value of Z, corresponding to the stress 
o, = P/A, = aAo/A, at the nth section. 

4 Choose for ye any convenient value, say yo = 1. This is 
permissible since it is only the shape of the deflection curve that 
is significant, the critical load being independent of the actual 
amplitude. 

5 Assume a first trial value for the unknown parameter C. A 
reasonable value for the trial may sometimes be obtained by 
comparison with related known cases. However, it is not 
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essential that the choice of a first trial value for C be anything 
more than a pure guess. 

6 Using these values for C and yo, together with the previously 
tabulated values of and E,)/E,, the deflections y:, yz, .... 
y, may be calculated from Equations [5). 

7 If the assumed value for C were correct, then the end de- 
flection y, would be zero. It is not likely that the first guess for 
C will be so fortunate. If y, comes out different from zero, then 
it is necessary to assume a second trial value for C and repeat the 
calculations in step No. 6. This trial procedure is repeated until 
the correct value for C is found. We observe that, if y, comes 
out greater than zero, the assumed value for C in that trial was 
too small, and that the opposite holds if y, comes out negative. 
When two values of C are found, one of which gives a small posi- 
tive value for y, and the other a small negative value for y,, the 
correct value for C can be found by interpolation. The values 
for yo, Yi, Y2, .... found in the final trial define the shape of the 
deflection curve. 

8 After the correct value for C is found, then the slenderness 
ratio corresponding to the given critical stress is obtained by 
solving Equation [6] 


9 If these calculations are repeated for a series of different 
critical stresses, we may then plot a curve of P/Ag against L/ke 
in the customary form. For design purposes, the ordinates 
should be reduced by the desired factor of safety. If desired, the 
theoretical curve may be approximated by a straight line or 
parabola or some other empirical curve. 


Types oF CoLuMNS INVESTIGATED 


In order to illustrate the application of the method, three 
different types of columns, Fig. 2, were investigated. 
Column A has a circular cross section with a diameter which 


1 
varies linearly from dy at the middle to d, = 5% ateachend. The 
area and moment of inertia vary as the second and fourth powers 
A 
of the diameter and hence we have A, = = and J, = 1/16 Is. 


Column B has a rectangular cross section with a constant width 
perpendicular to the plane of bending and a depth A which varies 


linearly from he at the middle to h, = “ ateachend. The area 
and moment of inertia vary as the first and third powers, respec- 
tively, of the depth and, consequently, for this column, A, = 2 


and J, = Jp. 
Column C is an idealized laced column built up of four equal 


| 
0 ee 

0.1 0.2 
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Fic. 2 Types or Cotumns INVESTIGATED 


bars arranged in a square. The depth and width of the column 
vary linearly from /, at the middle to h, = * ateachend. Itis 


assumed that the diameter of each bar is small compared with h, 
and also that the lacing is adequate to prevent local failure. For 
this column, the area A is constant throughout the length, while 
the moment of inertia varies as the square of the depth; thus we 
have I, = '/16 Io. 

The investigation was carried through for two different ma- 
terials. The first is a typical aluminum alloy having the com- 
pressive stress-strain curve shown in Fig. 3. The tangent- 
modulus curve for this material is shown in Fig. 4. As a matter 
of fact, in this particular case, the normal procedure was worked 
backward. The simplified tangent-modulus curve in Fig. 4 
was chosen as representing the average tangent modulus of a 
group of specimens, and then the corresponding stress-strain 
curve in Fig. 3 was derived from this tangent-modulus curve. 


STRESS, 1000 PSI 


MODULUS x 10°, PSI 
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The reduced-modulus curve for a rectangular section as calcu- 
lated from Equation [2] is also shown in Fig. 4. The reduced 
modulus for an idealized H-section is so close to that for the rec- 
tangular section that it was not practical to plot its curve in the 
same figure. 

The second material is a mild steel having the idealized stress- 
strain curve shown in Fig. 5. This is the stress-strain curve used 
by Westergaard and Osgood (3) in their investigation of the 
strength of steel columns. The corresponding tangent- and 
reduced-modulus curves are shown in Fig. 6. 
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NUMERICAL EXAMPLE 


For a numerical example, let us consider a column of type A, 
Fig. 2, and determine the slenderness ratio for a critical stress 
P/Ay = 16,000 psi. Assume the material to be an aluminum 
alloy having the characteristics shown in Figs. 3 and 4. Let the 
column length be divided into N = 16 segments. Owing to 
symmetry only one half the length need be considered. 

The detailed calculations are given in Tables 1 and 2. The 
column sections are numbered (see column 1 in Table 1) from 0 
to 8, starting with the middle section, and the distance of each 
section from the middle section is noted in column 2 of Table 1. 
The ratio of the diameter d, at each section to the diameter dy 
at the middle section is tabulated in column 3. It will be noted 
that only ratios of diameters, areas, and moments of inertia are 
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needed in the problem. The values in columns 4 and 5 are found 
from the relations Ao/A, = (do/d,)? and Je/], = (do/d,)*. 
The stress P/A in column 6 is found by multiplying the specified 
stress of 16,000 psi at the middle section by the ratio Ao/A,, from 
column 4. The value of the reduced modulus E in column 7 
corresponding to each stress in column 6 is read from the reduced- 
modulus curve, Fig. 4. Since the reduced modulus for a circular 
section is close to that for a rectangular section (20), it was 
deemed satisfactory to use this curve even though it is strictly 
applicable only for a rectangular section. The values of Eo/5/E,,/,, 
in column 8 are computed from the data in columns 5 and 7. It 
will be observed that the stresses are within the proportional 
limit of the material at the first four sections. 

The actual trial-and-error procedure for determining the parame- 
ter C is carried out in Table 2. For convenience, columns 1 
and 8 of Table 1 are repeated in columns 9 and 10 of Table 2. 
For the first trial, it was assumed that C = 0.0100. The values 
in column 11 are then found by multiplying the figures in column 
10 by this assumed C. For column 12, we start with yo = 1.000 
and then calculate the other y values in succession from Equations 
(5). The calculation of any y from the preceding ones may be 
done with one setup in a calculating machine. The value for 
¥ = Ys found at the conclusion of the first trial is —0.1487. 
This indicates that the assumed value for C is too large. 

For the second trial C was taken as 0.0080 and the procedure 
repeated. This trial gave ys = —0.0075, which is close and 
indicates that the assumed C is only slightly too large. For the 
third trial, C was assumed equal to 0.0078, and the calculations 
gave ys = 0.0088, which is slightly on the other side. The correct 
value for C is between the values used in the last two trials, and 
it was assumed that these were close enough to permit solving 
for the correct C by interpolation without carrying through 
another trial. This gave C = 0.00791. The slenderness ratio is 
then found from Equation [7] 


L  /256 x 10" X 0.00791 
ke WN 16,000 


= 35.6 


This means that, for a column having the specified shape and 
with a slenderness ratio L./ko = 35.6, the critical stress is P/Ao = 
16,000 psi, based on the area and radius of gyration of the 
middle section. If the end section is used for a base of reference, 


TABLE 1 CALCULATION OF SECTION PROPERTIES FOR 
COLUMN A; P/Ao = 16,000 PSI 


1 2 3 4 5 6 7 8 
Section dn Ao P Elo 
no. L/2 do An In An Ex 10-* Enln 
0 0 1.0000 1.000 1.000 16000 10.00 1.000 
1 0.125 0.9375 1.138 1.295 18210 10.00 1.295 
2 0.250 0.8750 1.306 1.706 20900 10.00 1.706 
3 0.375 0.8125 1.515 2.295 24200 10.00 2.295 
4 0.500 0.7500 1.778 3.161 28450 9.07 3.485 
5 0.625 0.6875 2.116 4.476 33860 7.31 6.123 
6 0.750 0.6250 2.560 6.554 40960 3.84 17.07 
7 0.875 0.5625 3.161 9.989 50580 1.32 75.67 
8 1.000 0.5000 4.000 16.000 64000 1.01 
TABLE 2 TRIAL-AND-ERROR CALCULATION OF 
C = PL?/Aoko? EON? FOR COLUMN A; P/Ao = 16,000 PSI 
9 10 11 12 13 14 15 16 
-——tTrial No. 1,—~ -—tTrial No. 2,—~ —-Trial No. 3, 
assume assume assume 
Sec- Cc = 0.0100 C = 0.0080 Cc = 0.0078 
no. EnIn EnIn EnlIn 7] EnIn y 
0 1.000 0.0100 1.0000 0.0080 1 0.0078 1.0000 
1 1.295 0.0130 0.9950 0.0104 0.9960 0.0101 0.9961 
2 1.706 0.0171 0.9771 0.0136 0.9816 0.0133 0.9821 
3 2.295 0.0230 0.9425 0.0184 0.9539 0.0179 0.9550 
4 3.485 0.0349 0.8862 0.0279 0.9086 0.0272 0.9108 
5 6.123 0.0612 0.7990 0.0490 0.8380 0.0478 0.8418 
6 17.07 0.1707 0.6629 0.1366 0.7263 0.1331 0.7326 
7 75.67 0.7567 0.4136 0.6054 0.5154 0.5902 0.5259 
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then the critical stress is P/A, = 64,000 psi, and the slenderness 
ratio is L/k, = 2 X 35.6 = 71.2. 

To investigate whether the number of sections taken was 
large enough for reasonable accuracy, the same problem was 
solved using first N = 32, which gave L/ky = 34.6, and then 
using N = 64, which gave L/ko = 34.8. A further check on the 
accuracy of the difference-equation method was furnished by 
comparing the calculated critical loads in the elastic range with 
the analytical results given by Boyd (5). For all three types of 
columns, Fig. 2, the results calculated by difference equations 
using N = 32 were within | per cent of Boyd’s results. 


CRITICAL-STRESS CURVES 

For each of the three column types, Fig. 2, the calculations out- 
lined were carried through for different values of P/A » and for 
each of the two materials. The results were then plotted togivethe 
column curves shown in Figs. 7 and 8, the former being for 
the aluminum alloy and the latter for the steel. The data have 
been plotted in terms of the stress and radius of gyration of the 
end cross section since the relative shape of the curves shows up 
better on this basis. 

For comparative purposes, there is shown in each figure the 
critical stress for a column with a uniform rectangular section 
having the same radius of gyration as the end sections of the 
tapered columns. The curve for a uniform-section column in 
Fig. 8 is identical with the curve for zero eccentricity given by 
Westergaard and Osgood (3). 

It is interesting to observe that column C is stronger than 
column A in the elastic range, but that the reverse is true in the 
inelastic range. This is because for equivalent end cross sec- 
tions column C has the greater average moment of inertia which 
is the governing factor in the elastic range, but has the smaller 
average cross-sectional area, which is the governing factor in the 
inelastic range. However, it may be noted that, if the curves 
were plotted in terms of the stress and radius of gyration at the 
middle section, the curve for column C would be above the curve 
for column A throughout. 
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The Theory of Ejectors 


By H. G. ELROD, JR.,1 ANNAPOLIS, MD. 


This paper extends an ejector theory which has previ- 
ously been confirmed by the experiments of others. By 
means of the theory a new criterion of ejector perform: 
ance and a new equation for ejector design are derived. 
Both the criterion and the equation are illustrated by a 
sample calculation in which a convenient computation 
procedure is employed. The procedure is adaptable to 
calculations for dissimilar fluids. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


a = area, sq ft 

e = diffuser efficiency 

g = acceleration of gravity, fpsps 
h = enthalpy, ft-lb/lb 

# = subscript for the actuating fluid 
k = isentropic expansion exponent 
M = Mach number = V/Voonic 

o = subscript for the induced fluid 
p = pressure, psfa 

8 = entropy, ft-lb/lb-deg F 

T = absolute temperature, deg F 
v = specific volume, cu ft/lb 

V = velocity, fps 

w = weight-flow, lb/sec 


LiuitiIne FLow Ratios 


Fig. 1 is a schematic diagram of an ejector, identifying sections 
to which subscripts will refer. The object of this ejector is to 
transfer fluid from section 0, a low-pressure region, to section 3, 
a region of higher pressure. 

If the inlet conditions and outlet pressure of the working fluids 
are prescribed, there is a limiting flow ratio of induced-to-actuat- 
ing fluid attainable by any type of adiabatic jet pump. When 
over-all changes of kinetic and potential energy are negiigitle, 
conservation of energy requires that 


wh; + wh, = (wy + {i] 
Likewise, the principle of the increase of entropy demands that 
+ WB, S (We + (2) 


If both actuating and induced fluids are the same substance, 
limiting flow ratios can be determined on a Mollier chart. In 
Fig. 2 the inlet states and outlet pressure are represented. Ac- 
cording to Equations [1] and [2], state 3” is the limiting exit 
condition, and the ratio of line (i-3") to line (0-3”) must equal 
the limiting flow ratio. 

The limiting flow ratio is a logical criterion of ejector perform- 


1 Lieutenant, U.S.N.R., Instructor,. Department of Marine En- 
gineering, U.S. Naval Academy. Jun. A.S.M.E. 

Contributed by the Applied Mechanics Division and presented at 
the Spring Meeting, Birmingham, Ala., April 3-5, 1944, of THs 
AMERICAN Society oF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until Oct. 10, 1945, for publication at a later date. Discussion re- 
ceived after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


ance. The following definition is proposed in place of others 
heretofore suggested 


Actual flow ratio 
Limiting flow ratio 


Ejector efficiency = 


ActTuaL FLow Ratios 


The following simultaneous equations can be solved to estimate 
flow ratios actually obtainable. They imply that there is no 
external heat transfer; that section 1 is so large that the pressure 
drop and momentum of the induced flow are negligible; that the 
pressure is constant between section 1 and the mixing-tube 
throat; that there is no wall friction; that all characteristics of 
the fluid are uniform across section 2; and that the exit velocity 
may be ignored. 

Flow oe the Actuating Nozzle 

Di Any accepted formula................. [4] 

Flow Through the Mixing Tube 


GV; 


Conservation of mass: +w, = 


Conservation of energy: 
wh; + wh, = + w,) (in + 16 


Conservation of momentum: 


V; ») V: 
g g 
Flow Through the Diffuser 
2 
Diffuser efficiency equation: h;’ —h, =e 29 {9] 


where state 3’ has co-ordinates p; and 8. 
Optimum AREA Ratios 


Actual flow ratios depend both on operating conditions and 
ejector proportions. For given conditions, we can find the 
optimum area ratio (a:/a,) by maximizing w, subject to the equa- 
tions of constraint, Equations [4] to [9], inclusive. The follow- 
ing additional simultaneous equation is thereby obtained 


(bee) ka “we 


M;?| 1 1— 
10] 
where M; is the Mach number at section 2. 
To use Equation [10] we rearrange Equation [7] as 
g 
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+ 1 


Pa/ Pa 
function of p,/ps, and values from Table 1 are substituted in 
Equation [11] to obtain optimum area ratios. 


Equations [9] and [10] determine the optimum 


+ 1 
Ps/ Pa 
With no diffuser (e = 0) p; and 


+1. 

Ps/Pa 

whenever p,/p: is close to unity. Thus for simple ejectors 

pumping against small pressure differences, Equation [11] be- 

comes 


With a perfect diffuser (e = 1) the optimum value of 


ke +1 
Critical pressure ratio’ 


is always 


p, coincide, and the optimum value of 


Vi 


g 


and is true for any type of induced fluid, liquid or gas. _ 


TABLE 1 
ky = 1.2 ka = 1.3 ke = 1.4 
+ 1 + 1 + 1 

ps/ Pa po/ps pa/ Pa Po/ ps Pa/ Pa Po/ Ps pa/ pr 
1.0 1.000 1.000 1.000 1.000 1.000 1.000 
| 0.842 1.142 0.843 1.143 1.143 
ee 0.692 1.245 0.699 1.247 0.704 1.249 
1.3 0.540 1.319 0.557 1.324 0.570 1.328 
1.4 0.367 1.373 0.405 1.381 0.432 1.387 
1.5 0.097 1.412 0.221 422 0.277 1.431 
1.6 eee 0.143 1.463 

1.631 wale 0.000 1.472 


Nore: The values are for perfect gases, and are based on a diffuser 
efficiency of 75 per cent. 


A DesiGn PRoBLEM 


The following specific numerical problem will demonstrate 
some uses of the ejector equations: 

A steam-jet refrigeration system is designed for 40 F evaporator 
temperature, 1 psia condenser pressure, and 100 psia saturated 
steam. What is the best single-stage ejector to employ? What 
is its performance? 

Calculation of Optimum Area Ratio. The following data are 
taken from the Keenan-Keyes “Steam Tables” (14):? |... © 


Ac 
Section ¢ Section o Section 3 
ee 100 0.1217 1.0 
Enthalpy, Btu/Ib.......... 1187.2 “4 1079.3 
Entropy, Btu/lb-deg F...... 1.6026 . 2.1597 


Steam in the diffuser will behave as a perfect gas with kk = 
1.3. Therefore, we enter Table 1 with p,/p; = 0.1217 and find 
2 
+ 1 = 1.434. 
Ps/Pa 
Assuming a nozzle efficiency of 85 per cent, we calculate the 
actuating velocity 


the optimum 


V; = 223.8 V/0.85(1187.2 — 801) = 4051 fps 


Using Grashof’s equation with an assumed throat area of 1 sq 
ft, we find 


w; = 0.0165 X 144 X 100°-*? = 207 Ib/sec 
These values, when substituted in Equation [11], give 
207 X 4051 


32.2 
timum area ratio = 
rae 744(1.434 — 0.122) 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. , 


= 137.5 
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Other ejector proportions, based on recommendations in 
the Bibliography, are drawn to scale in Fig. 1. 

Calculation of Optimum Flow Ratio. Let us assume that only 
@, a,, and the operating conditions are known. Then in Equa- 
tion [11] a2, p:, and p, are given, and w; and V; can be computed. 


2 
Hence we are able to solve for pan eh} We find it to be 1.434. 


P3/P2 
Corresponding to this value, Table 1 gives p;/p2: = 1.540. There- 
fore p: = 0.650 psia. 

For a trial solution of Equations [4] to [9], inclusive, let us 
assume that s = 2.00 Btu/lb-deg F. Equation [4] is satisfied, 
since it was used to compute w;. Equations [7], [8], and [9] 
will be satisfied if h; = 1128 Btu/lb. Equation [6] will be satis- 
fied if w, = 252lb/sec. But Equation [5] is not satisfied because 


a3 = 3.34, whereas V2/y, = 2.71. Therefore we must 


assume another 33. 
Table 2 shows three trials performed with the aid of the Ellen- 


wood-Mackey “‘Vapor Charts” (15). The curves of pT and 


V3/02 intersect at w, = 162 lb/sec. Consequently, the optimum 
flow ratio is 0.78. State points corresponding to this solution of 
the design problem are shown in Fig. 2. 

Calculation of Ejector Efficiency. In Fig. 2 the line (i-o) 
intersects p; = 1 psia at hy = 1112 Btu/lb. Therefore, by 
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TABLE 2 reached at section 2, the flow ratio ceases to increase and be- 

1 2 comes independent of further reduction of outlet pressure. Thus, 

1108 as Kispert (1) observed, apparatus behaves somewhat like a 
ne nozzle in regard to a critical pressure.” 

(hs — he) 36 39.4 37.4 “Dead-End Vacuum.” If section o of an ejector is blocked off 

and the outlet pressure held constant, the induction pressure will 

1404 1388 generally decrease as the actuating pressure is increased. But 

CR ee 2.71 2.60 271 when the actuating jet exactly fills the mixing-tube throat, fur- 

——_ne 3.34 2.03 2.66 ther increase of the actuating pressure must produce pressure 


Note: The tabular values are for pp = 0.650 psia and are based on a 
diffuser efficiency of 75 per cent. 
Equation [1], the limiting flow ratio is 2.30. Hence our ejector 
has an efficiency of 34 per cent and will compete thermodynam- 
ically with a turbine of 50 per cent engine efficiency and 1 psia 
exhaust pressure driving a centrifugal compressor of 70 per cent 
compression efficiency. 


REFINEMENTS OF THE Basic THEORY 


It is possible to analyze certain effects neglected in the fore- 
going theory. 

Momentum of Induced Flow. We can treat the portion of the 
combining cone upstream from section 1 as an induction nozzle, 
and introduce a new variable p;, which is slightly less than p,. 
To account for this new variable, we add the induction-nozzle 
flow equation to the list of simultaneous equations. We then 
modify Equation [7] to become 


(w; + w,)V2 
+ w,)Vs 


—— + pide = + ... {13} 
g g 
The momentum of the induced flow must be considered in accu- 
rate performance calculations. 

Wall Friction. We can estimate the friction force on the com- 
bining cone and mixing tube, using as a basis the velocity and 
fluid properties at section 2. Normally, it will not exceed 7 per 
cent of the momentum leaving the mixing tube. 

Velocity Distribution at Section 2. We can allow for the veloc- 
ity variation across section 2 by assuming a distribution function 
and calculating the mass flow, momentum, and kinetic energy in 
terms of the center velocity (13). 

Dissimilar Working Fluids. The computation method illus- 
trated in this paper is adaptable to design and performance 
calculations for dissimilar working fluids. Making a preliminary 
estimate of kz, we proceed as before. However, we must use the 
Gibbs-Dalton law, or its equivalent, in computing values of the 
mixture properties used in the trial-and-error process, and we 
must compare the estimated value of k, with the value deduced 
from the derived flow ratio. 


CERTAIN PHENOMENA 


Ejector Instability. Equations [5], [6], and [7] are essentially 
pressure-shock equations. They have two solutions, one sub- 
sunic, the other supersonic. If both solutions satisfy the condi- 
tion that 


ws; + S (wy + 


then both must be regarded as thermodynamically possible. This 
alternative of solutions may explain some observations of ejector 
instability. However, in view of the turbulent process by which 
state 2 is attained, the subsonic solution is more probable, since it 
corresponds to a greater entropy. 
* Pressure shock within the actuating nozzle may sometimes 
cause instability. 

The Critical Outlet Pressure. If an ejector is operated with 
fixed inlet conditions, the flow ratio will generally increase as the 
outlet pressure is decreased. But when the velocity of sound is 


shock in the combining cone. Consequently, dead-end vac- 
uum closely corresponds to the actuating pressure for which the 
theoretical expansion ratio of the actuating nozzle (a,’/a,) equals 
the ejector area ratio (a2/a,). 


CONCLUSION 


The ejector theory in this paper was proposed by Gustav 
Fliigel (6). It has been compared with experiment by Fliigel 
(6), Keenan and Neumann (2), and Kispert (1). The author has 
made additional comparisons with the data of references (1), (5), 
(7), and (10). Qualitative agreement has always been excellent , 
quantitative agreement has usually been satisfactory. Optimum 
area ratios, as determined by the author’s Equation [10], agree 
very well with the theoretical curves of Keenan and Neumann 
(2) and are within 20 per cent of the experimental values of 
A. D. Th'rd (4). 
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Appendix | 
CONDITION FOR LIMITING FLow Ratios 


Required to prove: 

For specified inlet conditions and outlet pressure, a reversible 
mixing apparatus yields the best possible flow ratio of induced-to- 
actuating fluid. 

Given: 

Actuating fluid at a state defined by h; and p; 


Induced fluid at a state defined by A, and p, 
A homogeneous mixture leaving apparatus at ps 


Pi > Ps > Po 

Proof: 

It is possible to conceive a reversible mixing apparatus, RK, 
where the actuating fluid is adiabatically and reversibly expanded 
down to induction pressure. Next, the actuating and induced 
fluids are brought to a common temperature by means of heat 
exchange through reversible heat engines. Then the separate 
fluids, now at common pressure and temperature, are mixed re- 
versibly by means of semipermeable membranes which maintain 
membrane pressure and temperature equilibrium during the 
process. Finally, the net work derived from the expansion, heat 
exchange, and mixing process is used to compress the homogene- 
ous mixture to outlet pressure. In the over-all process, w; 
pounds of actuating fluid effectively pump w, pounds of induced 
fluid up to the pressure pz. 

Now let us imagine that there is some apparatus /,; that re- 
quires only w’ pounds of actuating fluid in order to pump w, 
pounds of induced fluid up to the pressure p;. Then we have 
w,; — w’ pounds of actuating fluid left, and we may use this fluid 
in another apparatus, /2 In the apparatus J, the fluid is ex- 
panded adiabatically and reversibly to the pressure p;. Thermal 
energy Q, equivalent to the work W, derived from the expansion, 
is then supplied at constant pressure from some high-temperature 
source, .The output of /2 is then mixed at constant pressure with 
the output of /;. The apparatus J, formed by the combination of 
7, and J:, uses w; pounds of actuating fluid to pump w, pounds of 
induced fluid up to the pressure p; and, in addition, produces 
work from heat exchange with a single source. 

If we neglect kinetic- and potential-energy terms we can write 
fer the apparatus R 


why + w,h, = (w; + w,)h3". ‘ {14} 


Similarly, for apparatus J we can write 


wh; + wh, + Q = (wy + w,) (hs), + W. [15] 
But 
Q=W 
Hence 


The mixtures leaving apparatuses R and J, having the same 
enthalpy, pressure, and proportions of constituents, are at 
identical states. Hence, if we reverse the apparatus R, it will 
restore the actuating and induced fluids contained in the output of 
apparatus J back to their original states. It would consequently 
be possible to combine the apparatuses R and / into a single 
engine which would continuously produce work at the expense of 
heat exchanged with a single source. Such an engine would be 
capable of perpetual motion of the second kind, a recognized 
impossibility. 

We originally assumed that the performance of a reversible 
mixing apparatus could be exceeded. Inasmuch as our assump- 
tion led to false conclusions, it must itself be false. 


Appendix 2 
CONDITION FOR OptiMuM AREA Ratios 


We seek the optimum mixing-tube area for a given actuating- 
nozzle throat area, and for constant inlet conditions and outlet 
pressure. The problem is to maximize w, subject to the equations 
of constraint, Equations [4], [5], [6], [8], [9], and [13]. Consi- 
der variations of Equation [13] for which dw, = dw; = 0. 


(w; + w,) 
2+ (ps pi)daz + ax 


= dV," + — + a: dp;..... [17] 
9 


If we assume the actuating and induction nozzles to be isen- 
tropic, we can write 


29 
or 
[19} 
or 
v," dp, + dV,” =0 
(20) 
dp, + gv,’ = 0 | 


Substituting Equations [20] into Equation [17] we obtain 


(wi + 


dV; + (pz + a2 dp: = 
(az — a,” — a;')dp... 21] 


There are two sets of assumptions, as follows, for which the 
right-hand side of Equation [21] becomes identically zero: 

(a) The pressure throughout the combining cone is assumed 
constant, so that p; = p, and dp, = dw; = 0. This assumption 
was made to simplify the treatment in the text. 

(b) The actuating-nozzle exit is assumed to be located in the 
mixing-tube throat, so that a,” + a,’ = a2; and p,;/p; is assumed 
to be greater than the ‘‘critical pressure ratio” of the actuating 
fluid, so that dw; = 0. These assumptions were used by Keenan 
and Neumann (2). 

For both sets of assumptions, dw, = 0, since the induced fluid 
is to be a maximum. 

Equation [21] reduces to 


(ws + dV; (pe p:)daz + dpz [22] 


Now differentiating Equations [5], [6], [8], and [9] with dw, 
= dw; = 0, we obtain 
From Equation [5] 


das, dos 
ae V 2 V2 


t 
at 
‘ 
‘ 
be 
4 ¢ 
Rigid 
} 
| 
} 
: 
| 
7 
j 
| 
j 
q 
3 
e 
2 
3 
= 0 23 
4 
PO 


A-174 


From Equation [6] or [8] 


dhg + — =0............ 
From Equation [9] 
V2 


Adding Equations [24] and [25] we find 
Vs 


Equations [22], [23], [24], and [26] constitute four simultane- 
ous equations containing six unknown differentials. Two of the 
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differentials can be eliminated by the following thermodynamic 


relations 
dh, = + mdps...... 


dv, 
dy, = ——d 
+ ( ds, (28) 
Solution of the simultaneous equations then yields 


T: 
a(m™) ks 


2 


Assuming that p; = p,, we obtain Equation [10] of the text. 
For either set of assumptions just outlined the simple condition 
M, = 1 results whene = 1. 


4 
| 
4 
= 
= | 
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Discussion 


Forced and Free Motion of a Mass 
on an Air Spring’ 


K. J. DeJunasz.2 This is a carefully and lucidly written 
paper. Particular commendation is due for its completeness in 
giving all the necessary data on which the reader is enabled to 
base additional studies and calculations. Most of the charts 
are presented in a nondimensional form—a useful feature which 
increases the generality of their applicability. The paper is a 
valuable addition to the literature on nonlinear elastic systems. 

Mathematical analysis has the important advantage that its 
results, the formulas, are general in their nature and are appli- 
cable to a great variety of specific cases, requiring only a change 
of variables and parameters. However, it has the serious draw- 
back that it is applicable only to such cases in which the basic 
relations are expressible in mathematical functions; and even in 
comparatively simple cases it requires considerable mathematical 
ability on the part of the investigator. 

In many practical problems, involving nonadiabatie and non- 
polytropic force-displacement relationships, damping, unevenly 
wound nonlinear springs, etc., the mathematical difficulties be- 
come excessive or even insurmountable. The question arises, 
how to analyze such cases. In recent years a graphical method 
which may be termed “graphic dynamics,” has found con- 
siderable application in treating transient elastic phenomena. 
This method is not subject to the limitations of mathematical 
analysis, and it is quite simple to use after its basic concepts 
and procedures have been mastered. In order to make this 
method more widely known the writer proposes to apply it to 
some of the problems treated by the author. 

The graphical method operates with diagrams of velocity versus 
displacement, the v-z diagram. The initial v, z state of the 
moving element is denoted by a point in this diagram. A short 
time interval is chosen during which it is assumed that the same 
F = Kz linear law of elasticity is valid and the state of the mov- 
ing element after the elapse of the time interval is determined, 
which is then defined by another point in the v-x diagram. 
Thus a succession of points is obtained which defines the states 
through which the system passes after the elapse of successive 
intervals of time. 

As the first problem, will be chosen the free vibration of the 
piston of 6 g (= 0.0000343 Ib in.-! sec”) coacting with the air 
cylinder of 0.786 sq in. area, having the equilibrium position at 
7.5 in. from the closed end of the cylinder. The piston is initially 
displaced L/100 = 0.075 in. from its equilibrium position and 
then released. As the displacement is small, therefore, a constant 
spring modulus 

K AF nA P 
AX L 
is assumed to be valid for the whole motion. 


' By B. Susshols, published in the June, 1944, issue of the JourRNAL 
or Apptiep Mecuanics, Trans. A.S.M.E., vol. 66, 1944, p. A-101. 

? Professor of Engineering Research, The Pennsylvania State 
College, State College, Pa. Mem. A.S.M.E. 

* “Graphical Analysis of Surges and Free Vibrations in Mechanical 
Springs,” by K. J. DeJuhasz, Journal of The Franklin Institute, vol. 
226, 1938, pp. 505-526, 631-644; vol. 227, 1939, pp. 647-672, gives 
an explanation of the method and also an extensive bibliography on 
the subject. 


= 2.16 lb in.-! 


Referring to Fig. 1 of this discussion, the initial (¢ = t) state of 
the piston can be represented in a v-z, velocity versus displace- 
ment, diagram by the point 1 (z; = 0.075; », = 0). Now,ashort 
time element, At = 0.001 sec, is arbitrarily chosen, after the 
elapse of which z will change by Az, and » will change by Ap, 
for which it can be written 


Az = vAt 
Av z 
M 


whence 


The two angles a and ¥ are called directrixes, as they denote direc- 
tions in the v-z diagram. It is to be noted that these directrixes 
are defined by the numerical data of the problem, and by the 
arbitrarily chosen At interval. 

Referring to Fig. 1(a), it will be readily seen that point 2 will 


M=6 =0.0000 343] /bin'sec* 
A=0786int 26,61 


Fic. 1 Free VipraTIon or 4 Mass ON AN Air SpriInG SUBJECTED 
to DisPLACEMENT 
(a, Velocity-displacement > - diagram of displacement and of 
ocity. 
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336 insec’ 


Fig. 2. FREE VIBRATION OF A Mass ON AN AIR SPRING SuBJECTED TO LarkGe INtTiaAL DispLACEMENT 
(a, Velocity-displacement diagram; 6, force-displacement diagram; c, history diagram of displacement and of velocity.) 


denote the state of the piston after the elapse of 2 At time inter- 
val because its co-ordinates 22 and v2 are 


= — (vy, tana + vtana); = 0) 
Ve = 1, + 2, cot y + 22 Cot ¥ 


By a similar construction, starting from point 2, the point 4 
can be found, denoting the state of the piston after the elapse of a 
further 2 At time, i.e., at the fg + 4 Atinstant. Ina similar man- 
ner are found the successive points 6, 8, ...... 26. 

Plotting the x and v co-ordinates of the successive points 
yO Seen: 26 as ordinates against time as abscissa, the history 
of displacement and of velocity can be charted, Fig. 1(b). Both 
of these lines show a periodic character, which approximates a 
harmonic curve, if the construction would be repeated using 
smaller and smaller At time intervals. Even this first ap- 
proximation yields for the complete period 

To = 0.0253 sec, which agrees closely with the value 


T= = ().025 sec 
V1.4 AP, 


found mathematically. Similar close agreement is found be- 
tween the maximum value of velocity 


= 18.4 


obtained graphically and the 
2 
Umax = — = 18.8 
0 
obtained mathematically. 
As the second problem, will be chosen the free vibration of the 
same system, when the piston is initially displaced by 


Im = = 3.75 in. 


shown in Fig. 2 of this discussion. In this case the A = F has 


dr 
to be considered not constant, but variable. The y directrix cor- 
responding to a given x will now be found as the tangent drawt 
to the adiabatic curve 

APAt 
It is to be noted that horizontal sections of this curve also repre- 
sent velocities, and it has to be drawn to the scale of the v axis 
Thus for the initial point 1, the value y; is valid, having the slope 
of the tangent 1 drawn to the curve at the point 1. Furthermore 
the equilibrium position will be found on the horizontal a, wher 


the tangent 1 intersects the vertical line drawn at — Y distance 


corresponding to the atmospheric pressure. 
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hig. 3) Morton or 4 Mass ON AN AIR SPRING WHEN SUBJECTED TO A SQUARE Pressure Wave 


a, Velocity-displacement diagram; 6, force-displacement diagram; c, history diagram of displacement and of velocity. 


Two cases are treated, one with 


an indefinitely sustained pressure wave, the other with a pressure wave sustained during 0.003 sec.) 


Using the values of a and y,, by a similar construction as used 
in the first example, the point 2 in the v-z diagram is found, 
denoting the state of the piston after the elapse of 2 At intervals. 
To the z; so found corresponds another y: slope determinable 
from the adiabatic curve, and another equilibrium position, de- 
noted by the horizontal line b. Using these values, the next point 
tis found in the v-z diagram, defining the state of the piston after 
the elapse of a further 2 At interval, i.e., at the fo + 4 At instant. 

Repeating this construction, the successive points 6,8... ...28 
are found in the v-z diagram. Plotting again the co-ordinates of 
these points as ordinates against time as abscissa, the history of 
displacement and of velocity can be obtained, Fig. 2(c). Com- 
paring the graphically obtained results with those of the mathe- 
matical analysis, again a good agreement is found. 

Fig. 3 of this discussion shows the graphical analysis of the 
problem treated in the Appendix of the paper, being the motion 
of the same system, the piston having the initial state zo = 1 in.; 
Y0 = 100 in-see, and exposed to a sudden rise of pressure on its 
outside surface to P, = 25 psi above the atmospheric. An inter- 
val At = 0.0005 is chosen in this case, in order to determine the 
phenomenon in finer detail. The procedure is clearly shown 
in the »-z diagram, Fig. 3(a). 


Two eases are considered as 
follows: 


| The P, pressure is considered as sustained indefinitely; 
this is denoted on the diagram by points 0, 2, 4, 6, 8, 10, 12. 

2 The P, pressure is sustained 0.003 see = 6At; this is de- 
noted on the diagram by points, 0, 2, 4, 6, 8’, 10’, 12’. These 


points are also plotted on a time base, giving the history of dis- 
placement and velocity for the two cases, Fig. 3(c). 

It will be noted that the adiabatic equation as such did not 
enter into the graphical procedure; the force-displacement rela- 
tion could have been of any other kind, represented by a curve 
and its family of tangents. Likewise, there is no limitation as re- 
gards the forcing function, which could be given by any force- 
time relation. Furthermore, also friction and damping of any 
type of function can be dealt with by graphical analysis without 
any difficulty. It appears to be within the realm of possibility, 
although the writer has not yet tried it, to work the graphical 
analysis backward, and obtain an unknown pressure wave from 
the known motion of the piston. 


E. H. Kennarp.‘ This paper will constitute a mine of in- 
formation for anyone who has to deal with an adiabatic air 
spring. Here the air acts on a constant mass; an analogous case 
is a bubble in radial oscillation, for which the effective mass of the 
surrounding liquid varies as the cube of the radius of the bubble. 

A minor mathematical comment may be made. The author 
does not explain why, in his last calculations, he abandoned the 
‘standard methods of integration’”’ that were used for his Fig. 3, 
in favor of the step-pulse method. The latter method may be 
more economical if an abundance of curves are already available 
for the motion during a single step, or if the necessary formula is 
very simple. Otherwise it would seem that one of the ordinary 


* Professor of Physics, Cornell University, Ithaca, N. Y. 
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methods of numerical integration would be simpler and no more 
laborious, for a given degree of accuracy, than the step method. 


Sotomon Lerscuetz.§ This very interesting paper suggests 
two comments: The first is that one should hesitate to disregard 
dissipative effects in the light of the fact that small oscillations of 
the system must be damped out very rapidly. Thus the author’s 
differential Equation [1] requires a term of the form G(X), or 
possibly G(X)X or G(X, X), to account for dissipation. The 
actual nature of the term would have to be determined experi- 
mentally, or by experiment supplemented with suitable thermo- 
dynamic considerations. The second comment is that the author 
appears to have avoided with care the use of a standard 
mathematical method for solving nonlinear differential equations, 
namely, the Picard method of successive approximations. Take 
the completed Equation [1] in the form 


mX + G(X, X) + E(X) = F(t) 
Introducing the variable X = Y, it assumes the form 
X =Y,Y =H(X,Y,?2) 


with initial conditions X = Y = 0. Define now successively 
xX, = (0)dt = 0, = H(0, 0, é)dt 
X:= Y,dt, Y; = Sy W(X, Y,, t)dt, ete. 


The functions X,, X:, Xs, ... are known to converge to a solu- 
tion under reasonable circumstances. Generally a small number 
of terms will yield a satisfactory approximation for a good range. 
However, if the functions do not behave too well one could break 
the interval of time, which is here about [0 — 2] into two parts 
[0 — t,] and [t; — 2], calculate z(t,), y(t;) and proceed from there. 
This might make it possible to obtain good approximate solutions 
in closed form, and with no more labor than with the author’s 
ingenious method. 


W. Pracer‘ anp H. J. Greenserc.’? The author’s analysis 
of the motion of a mass on an air spring is based on the assump- 
tion that, at any given instant, the entire column of air is under a 
uniform pressure which can be computed from the volume of this 
column by means of the law of adiabatic compression. This 
assumption is certainly justified for sufficiently slow motion of the 
piston. The question may be raised whether the results obtained 
from the theory based on this simplifying assumption are still 
sufficiently correct in the case of the comparatively high piston 
speeds encountered in the applications which the author mentions 
in the summary. A rigorous analysis would obviously have to 
take account of the pressure waves set up by the moving piston, 
and of their successive reflections at the closed end of the cylinder 
and at the moving piston. 

In order to form an approximate idea concerning the difference 
between the results furnished by the author’s method and the 
rigorous analysis, the following simplified problem has been 
studied: 

A piston, starting from rest, is pushed with constant speed into 
a cylinder which is closed at the other end; to determine the 
pressure exerted on the piston by the enclosed air as a function of 
time (or, what amounts to the same, in view of the constant speed, 
as a function of the displacement of the piston). Under the 
conditions of this simplified problem a shock wave is generated 


5 Professor of Mathematics, Princeton University, and Mathe- 
matical Consultant, The David Taylor Model Basin, Carderock, Md. 

* Professor of Applied Mechanics, Brown University, Providence, 
R.I. Mem. A.S.M.E. 
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when the piston is suddenly set in motion. Until this shock wave 
has traveled to the closed end of the cylinder and back to the 
piston, the pressure exerted on the piston is constant. When 
the shock wave, reflected at the closed end of the cylinder, meets 
with the moving piston, the pressure at the piston increases sud- 
denly, to remain constant until the instant when the shock wave, 
reflected for the second time at the closed end of the cylinder, 
meets the traveling piston again, ete. While the law of adiabatic 
compression predicts a continuously increasing pressure, the 
pressure actually increases in a discontinuous manner. 


PA, 


1.50 


1404 


Piston velocity, 50 fps Piston velocity, 300 fps 
Fig. 4 Comparison, BETWEEN PRESSURE VARIATION PREDICTED BY 
Law or ADIABATIC COMPRESSION AND From Stupy or SHock Waves 
* (a, Adiabatic solution; b, shock-wave solution.) 


Fig. 4 of this discussion gives the comparison between the pres- 
sure variation, predicted by the law of adiabatic compression, 
and that found from the study of the propagation of the shock 
waves, for a cylinder of 1 ft length and piston speeds of 50 fps 
and 300 fps, respectively. In both cases the adiabatic curve 
gives, on the average, a good representation of the manner in 
which the pressure increases as the piston is pushed into the 
cylinder. For the smaller velocity, the sudden increases in pres- 
sure occur after a comparatively small displacement of the piston 
(about 0.08 ft) and, consequently, the results obtained from the 
adiabatic law can be considered as rather reliable. For the higher 
velocity, however, the pressure remains constant while the piston 
travels through about 40 per cent of the length of the cylinder. 
If the total displacement of the piston is considerably smaller 
than this amount, the adiabatic theory can scarcely be expected 
to give satisfactory results. Indeed, the figure shows that, for 
instance, the actual work done in pushing the piston through the 
first 0.2 ft equals about twice the amount predicted by the adia- 
batic theory. 


AvuTHOR’s CLOSURE 


The “graphic-dynamics” method described by Professor 
DeJuhasz contains a number of excellent features often desirable 
in the analysis of nonlinear elastic systems. In concluding his 
comments Professor DeJuhasz suggests a possibility of working 
the graphical method backward for systems of the type consid- 
ered in the paper. The author has examined this problem and 
found that the geometry of the method lends itself to the follow- 
ing reverse procedure. 

For a known motion of the piston the corresponding velocity- 
displacement diagram can be plotted. Assuming a suitable 
time interval At, the adiabatic curve defined by f(z) is plotted to 
the same ordinate and abscissa scales as on the v-z diagram. Re- 
ferring to Fig. 5 of this closure, the reverse process may be sum- 
marized as follows: 

During the time interval 2 At, the state of the piston varies 
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f(x)—= 


Fie.5 Dra@ram or GRAPHICAL PROCEDURE FOR REVERSE ‘‘GRAPHIC- 
Dynamics” MetHop 


from A to B, as determined by the directrix a. It is assumed 
that a constant external pressure P, acts on the piston during 
this interval. The magnitude of this pressure is to be found. 
The tangent drawn to the adiabatic curve at point 1 has a di- 
rectrix + 7;. A line with the directrix + 7; is drawn through A 
in the v-z diagram. A line with the directrix —+, is then drawn 
through B until intersecting the ++ directrix through A. At 
the intersection point the equilibrium position is determined. 
The horizontal line a is drawn until intersecting tangent A. The 
value f; corresponding to the latter intersection point yields the 


desired value of the applied pressure by the relation P; = ——. 


For the second 2 At interval, the system varies from B to C in 
the v,z-plane. A horizontal line is drawn from B until inter- 
secting tangent A at point 2. From point 2, a line is drawn tan- 
gent to the adiabatic curve. This tangent has a directrix y:. 
A line with directrix +-y2 is drawn through B in the v-z plane. A 
—y: directrix is drawn through C until intersecting the +y; 
directrix through B. From the intersection point a horizontal 
line b is drawn to tangent B yielding f,. The corresponding Py 
can then be calculated. 

To determine +, for the third 2 At interval, a horizontal line is 
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(a) Velocity-displacement diagram 
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drawn from C until intersecting tangent B at point 3. From 
point 3, tangent C is drawn to the adiabatic curve. This tan- 
gent has the directrix ys. The process is repeated in the same 
manner for determining v4, Ps,..... Fé. 

With reference to Professor Kennard’s comments, it is pos- 
sible that the step method may not have been the most practical 
one to use in the calculations of the paper. However, the 
author wished to bring the method to the attention of others, 
who may have problems where its use would offer some ad- 
vantages 

The author agrees with Professor Lefschetz that a damping 
term should be included in the differential equations of motion, 
since all elastic systems are subject to dissipative forces of vary- 
ing degrees. There are many cases, however, where the damp- 
ing effects may be disregarded. It would be necessary to de- 
termine, for each specific case, whether a factor need be in- 
troduced. The Picard method described by Professor Lefschetz 
is indeed a powerful and excellent one when applied to problems 
where the successive functions can be integrated analytically 
without too much difficulty. In applying the method to the air- 
spring problem, numerical or graphical integration becomes nec- 
essary because of the analytical form of the elastic restoring 
force E(X). The additional work thus introduced may possibly 
nullify some of the advantages of the method. 

Considering the question raised by Professor Prager and Dr. 
Greenberg, the validity of the adiabatic theory for relatively 
high piston velocities would depend on the magnitude of the 
components of the system, namely, length and area of air column, 
and mass of piston. For a specific system, an estimate can be 
made of the maximum piston velocities for which the adiabatic 
theory is applicable. 

For example: consider the system described in the Appendix 
of the paper: L = 7.5in., A = 0.786 sq in., and m = 6g. Sup- 
pose the piston is suddenly started from rest with an inward 
velocity of 300 fps, the external pressure always being atmospheric. 
The excess internal pressure that is developed decelerates the 
piston until its forward motion is stopped. Fig. 6 of this closure 
shows a comparison of the early motion of the piston as determined 
independently by the adiabatic theory and by a shock-wave 
method. For the shock-wave analysis the actual motion of the 
piston with continuously varying velocity was replaced by a 
motion with sectionally constant velocity. Each time interval 
during which the piston velocity was supposed to remain con- 
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stant was the interval needed by a shock wave to travel from 
the piston to the cylinder end and back to the piston. The 
decrease in velocity at the beginning of an interval corresponded 
to the total deceleration resulting from the action of the con- 
stant excess pressure on the piston during the preceding interval. 

In the equations governing both the shock-wave and adiabatic 
response curves the components of the system always appear in 


the combination —-. It can be shown that, on a nondimen- 
m 


sional basis, the response curves by either method will be the 


AL 
same for all systems having the same value of the factor —. 
m 


The curves in Fig. 6 can be converted by scale factors to apply 


AL 
to all cases where —- = 172,000 for an initial piston velocity 
m 


of 300 fps. Another conclusion suggested by the response equa- 
tions is that the agreement in Fig. 6 is as good or better for values 


AL 
of — greater than 172,000. 
m 
Without too much difficulty, a graphical relation can be de- 
AL 
veloped between values of —— and the maximum piston velocities 
m 


for which the adiabatic theory is applicable, based on analyses 
similar to that for Fig. 6. A plot of this type would offer a rea- 
sonable estimate of the range of validity of the adiabatic theory. 


Measurement of the Damping of 
Engineering Materials During 
Flexural Vibration at 
Elevated Temperatures’ 


E. W. Prxe.? Less than a year ago, the authors’ procedure 
was adopted with some modifications at Battelle Memorial In- 
stitute as part of an expanded program of damping measurements. 

The authors generously offered information about their ap- 
paratus and gave suggestions which helped us to avoid many of the 
difficulties that stand in the way of accurate damping measure- 
ments. Since then, our experience with the equipment has 
taught us to appreciate the skillful and thorough manner with 
which they handled the problem. We wish to record our thanks 
and appreciation for their assistance. 

The program at Battelle called for damping measurements 
at temperatures up to 1500 F. Ceramic gages did not operate 
satisfactorily at the higher temperatures and so were abandoned 
in favor of an optical method of measuring tine vibration. Dur- 
ing the development of the new method an investigation was 
made of sources of error, and some of the results are of interest 
in light of the conclusions reached in the present paper. 

It was found, for instance, that a strain gage, advanced '/, in. 
along the base of a tine, absorbed enough energy to affect meas- 
urements on low-damping forks seriously. Energy losses from 
the fork to the support were also found to be important at room 
temperature, especially when the fork tines were unbalanced. 
Both of these losses increased with temperature, and, although 
the authors were cautious in mounting their gages and forks, the 
accuracy of their results is questionable for low-damping forks 
at least. 

Work at Battelle has shown that damping results cannot be 
reproduced for all forks, even though the tests are restricted to a 


‘ By Carl Schabtach and R. O. Fehr, published in the June, 1944, 
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reputedly stable temperature range. This behavior, definite, 
not a result of measuring errors, suggests that considerable work 
has yet to be done to give full meani: zg to damping measurements 
for practical application. Such further investigations would 
include the effects on damping of yield, heat-treatment, cold- 
working, fatigue, etc. 

The authors have made a major contribution to this field otf 
growing importance, although it is apparent that much remains 
to be done. 


J. M. Ropertson® anp A. J. The authors state 
“Our understanding of the phenomenon is insufficient to permit 
application of available data to conditions materially different 
from those under which they were obtained.’”’ Furthermore, 
they note that it is not known “‘just what the significant stress is”’ 
to which damping is related. During the last three quarters of 
century many investigators have measured the damping of ma- 
terials. A recent paper? on this subject lists a bibliography 
of some one hundred and fifty articles starting with the work of 
Lord Kelvin in 1865. In spite of all this work, the statements 
quoted are substantially correct. This is because, although it is 
realized that stress is the prime variable affecting damping, almost 
all of the investigators have used specimens in which the stress 
variation involved one or two variables, and each investigator 
had a different form of specimen. For this reason, it is im- 
possible to evaluate any particular damping value in terms of 
the stress amplitude with which it is associated, independently 
of the nature of the test specimen. The authors’ tests are open 
to the same objection. Of course they are interested in the ap- 
plication of their data to turbine-blade vibrations; such applica- 
tion is good in so far as the test specimen (tine of tuning fork) 
approaches a turbine blade. 

With regard to the measurement of damping in materials, the 
writers believe that the freely decaying vibrations method is 
liable to greater errors than the method of sustained vibrations. 
In the former, measurements are made in a “transient” state 
The results are evaluated on the assumption that forces are in- 
stantaneously transmitted throughout the specimen. However, 
this is not so, as surges existinthespecimen. These surges trave! 
back and forth, their wave front being a stress discontinuity. 
At any instant of time, the stresses in the system are not of the 
same magnitude nor are they in phase. For example, in a stee! 
specimen such as tested by the authors, the velocity of propaga- 
tion of these surges is 208,000 ips. The length of the specimen 
being 2.69 in. it would take 13 u see for a force to be transmitted 
from the free to the fixed end of the specimen. If the free end 
is vibrating at the fundamental mode with a frequency of 1000 
cycles per sec, then an impulse starting from this end would reac! 
the fixed end when the free end has moved 8.5 per cent of its full 
amplitude away from the mid-position. In the case of the second 
harmonic, with a frequency 6.3 times that of the fundamental, this 
effect amounts to 49 per cent. 

In the experiments and analysis of the data, only the funda 
mental mode of vibration is considered. According to the authors 
this was because their electrical apparatus was insensitive to the 
higher frequencies. Furthermore, they note that the higher 
modes may be neglected as their amplitude is less than 3 per cent 
of the fundamental. However, since force varies as the square of 


3 Douglas Aircraft Company, Santa Monica, Calif. Assistant Pro- 
fessur of Engineering Mechanics, The Pennsylvania State College 
(on leave). Jun. A.S.M.E. 

‘Research Engineer, Sonntag Scientific Corporation, Greenwich. 
Conn. 

*“The Damping Capacity of Engineering Materials,’’ by W. H. 
Hatfield, G. Stanfield, and L. Rotherham, Trans. North East Coast 
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the frequency, the force due to the second mode is of greater 
importance. For an element of the specimen at the free end, 
the ratio between the force due to the second mode to that of the 
first mode is 


Y*f,? Y; (“) 0.0256 
6.3)? = 1.04 
o.o74 


Although there is a tendency for the forces of the second mode to 
neutralize themselves, because of the node mentioned by the 
authors, the magnitude of this ratio, coupled with the time lag 
for the propagation of these forces, indicates that the second 
harmonic cannot be neglected. 

The assumption that each mode of vibration dies down in- 
dependently is questionable, even though the authors apparently 
have justified it experimentally for some of their specimens. 
The energy lost due to damping depends upon the absolute max- 
imum stress cycle through which the material is stressed. In an 
element of the specimen, the stress caused by the second mode 
of vibration at the instant the fundamental reaches its peak is of 
particular significance. If this second-mode stress is in the same 
direction as that due to the fundamental, the peak stress will be 
greater than that due to the fundamental, and hence the damp- 
ing will be higher. If this stress is in the opposite direction, the 
damping will be lower. Furthermore, the energy lost due 
to damping at stress cycle s,; added to that lost due to a stress 
cycle s, is not equal to that lost due to a stress cycle of mag- 
nitude (s; + 83). The method of superposition does not apply in 
this case, as the functions are not linear. 

The only way that damping will ever be placed on an absolute 
basis, independent of specimen size, shape, ete., will be through 
tests in which all portions of the specimen are at the same stress 
amplitude at any instant. This will allow exact evaluation of 
the damping as a function of stress amplitude. Once this is 
known, it will be possible by integration to obtain the damping 
in any shaped member for which the stress distribution is deter- 
minate. The writers have made a few such tests by means of 
the forced-resonant-vibration method using apparatus developed 
by B. J. Lazan,® with metals and plastics under normal (tension- 
compression) and torsional stresses. In the torsional tests, 
tubular specimens were used in which there was about a 10 per 
cent stress variation in the specimen; in the normal stress case 
there Was no variation in stress. By comparing the damping 
of the same material under both normal and shearing stresses, 
the writers have been able to show that the energy loss, caused 
by damping in isotropic materials, is a function of the distortion 
energy in the specimen. Thus identical values of energy loss 
are found under torsional and normal stress cycles if the am- 
plitude of the shear stress in the torsional case is 0.577 times the 
amplitude of the tension-compression stress in the normal stress 
case. This has been verified for two steels, monel metal, and 
two magnesium alloys. The writers expect in the near future to 
publish a paper describing these results. 

The authors state that damping depends on the frequency 
of vibration. The writers have been able to find no evidence 
to support such a statement. In fact all data, taken with 
proper regard to the significance of stress amplitude, indicate 
that damping. is invariant with frequency. Those investigators 
who claim to have noted a variation have not made sure that the 
stresses in the specimen were the same at the different frequencies 
studied. The specimen shown in Fig. 4 of the paper, by which 
the authors propose to check the frequency dependency, is open 
to the same objection. At the different frequencies, the stress 
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distribution in the specimen wil] not be the same, as the specimen 
itself will not even be geometrically similar. In 1912-1914 
B. Hopkinson and G. T. Williams,’ and F. E. Rowett® showed 
that damping was the same at zero as at 67 and 120 cycles per 
sec. More recently A. L. Kimball and D. E. Lovell? found no 
variation in the range from 2 to 200 cycles. Although this should 
be checked for higher frequencies, it is quite reasonable to expect 
the damping to be the same at 1000 cycles as it is at zero, 1, 10, 
and 100 cycles per sec. 

The writers do not intend these remarks as a condemnation 
of the authors’ work, rather they are given in the spirit of con- 
structive criticism. The measurement of damping in materials 
is a difficult task; the authors seem to have done an excellent 
job of refining the vibration-decay method of measurement, for 
which they are to be complimented. Furthermore, they covered 
such a high range of temperatures that their data are par- 
ticularly valuable in the study of temperature effects on damping 
and modulus of elasticity. 

AuTHORS’ CLOSURE 

The authors are grateful to Messrs. Pike, Robertson, and Yor- 
viadis for their comments. 

The method of damping measurement described by the authors 
was evolved from a succession of rather unsatisfactory attempts 
using capacitive and magnetic pickups and a_ variety of 
means for supporting and exciting the specimen. Because of the 
pressing need for results, improvement of the technique stopped 
when we were convinced that it yielded results sufficiently accu- 
rate for engineering purposes. We hoped that Mr. Pike would 
make further improvements, and are pleased that he has done so. 
His photoelectric system of recording the fork vibration is supe- 
ior in many respects to the use of strain gages; it has no tempera- 
ture limitations, and there can be no energy loss to the vibra- 
tion-measuring equipment. 

Strain gages do absorb some energy, even when carefully made 
and properly located. On the other hand, logarithmic decrements 
as low as 0.07 per cent have been measured on tuning forks 
(see Table 1 of paper) with strain gages at 1200 F, and while an 
error of 0.02 or 0.03 percentage point in this figure may be large 
in matter of percentage, it is of no practical importance in so 
far as use of the data for engineering purposes is concerned. We 
want to know whether the damping is of the order of 0.1, or 
0.5, or Lpercent. Whether it is 0.07 or 0.05, or only 0.03 per cent, 
makes little difference in our evaluation of a material. 

Messrs. Robertson and Yorgiadis seem unduly apprehensive 
over the extent to which surges and higher modes of vibration 
may affect damping, as measured by the transient method. It is 
true that a sharp stress discontinuity travels down the tines 
after the fork is tripped. It is reflected at the fixed ends, again 
at the free ends, and soon. At each reflection, some of the sharp- 
ness is lost, and after comparatively few reflections, the discon- 
tinuity will have practically disappeared. It takes about 50 vi- 
bration cycles for the amplitude of a tuning fork to decrease only 
10 per cent, with 0.2 per cent logarithmic decrement. 

As for the influence of higher modes of vibration which are 
excited and die out along with the fundamental, the ratio of 1.04 
between the force due to the second mode to that of the first 
mode, for an element of the tine at the free end, is quite mis- 
leading. It is stress, not force, that we are concerned with, and 
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at the fixed ends of the tines, where the stresses are highest, the 
stress caused by the second-mode component (amplitude 
2.6 per cent of the fundamental) is only about 15 per cent of that 
caused by the fundamental. Moreover, about half way up the 
tine, the second-mode stress is of opposite sign and three fourths 
as large as the second-mode stress component at the base, so that 
the tendency for the second-mode stresses to neutralize each other 
seems large. 

It is true that the decrement of the fundamental vibration will 
be affected by the higher mode components, unless the damping 
varies linearly with stress. The data in Table 1 of the paper show, 
in general, no great departure from such linearity in a range of 
+15 per cent of a given stress, i.e., over the maximum range of 
stress caused by the second-mode component of the vibration. 

The best justification of the foregoing arguments may be found 
in the test data. As described in the paper, each test is made us- 
ing two spreaders, one to produce an initial nominal bending stress 
of about 40,000 psi, the other 20,000 psi. At 20,000-psi stress, 
the surges and higher mode components will have practically dis- 
appeared from the vibration which began with 40,000-psi stress 
(with 0.2 per cent logarithmic decrement, several hundred funda- 
mental cycles and about 2000 second-mode cycles will have 
elapsed); but they will be present in full degree in the vibration 
which started at only 20,000 psi. Since the values of damping 
obtained from the two records at stresses below 20,000 psi are 
the same, within the accuracy of interpreting the decrement 
curves, the influence of surges and higher modes of vibration 
must be unimportant. 

The authors are glad to learn that progress is being made to- 
ward placing damping measurements and calculations on an ab- 
solute basis. We hope that there soon will be available means 
for calculating the damping of a piece of metal directly from its 
size and shape, the type of vibration to which it is subjected, 
and the absolute damping of a material as measured with, say, a 
simple torsional pendulum test. 

For the dependence of damping on frequency, we point to the 
excellent theoretical and experimental work of Zener,’ by 
which the contribution of the thermoelastic effect to damping, 
and the variation of this effect with frequency and specimen size, 
seem well established. While the thermoelastic effect is probably 
not an important factor in specimens of the proportions we are 
using, neither it, nor other possible but yet undetermined sources 
of frequency effects should be forgotten. 


Shrink-Fit Stresses and 
Deformations’ 


M. V. Barton.? The author has succeeded in reducing the 
problem of stresses in a shaft with a shrink ring, in which the 
contact pressure is assumed uniform under the ring, to a useful 
form by means of curves and coefficients. The use of Fourier 
integrals in the solution of the problem is very interesting. 
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“Internal Friction in Solids Complete,” by C. Zener, Proceedings of 
the Physical Society of London, Eng., vol. 52, part 1, no. 289, Jan., 
1940, p. 152. 

1 By A. W. Rankin, published in the June, 1944, issue of the 
JOURNAL or AppLieD Mecuanics, Trans. A.S.M.E., vol. 66, p. A-77. 

? Professor of Aeronautical Engineering, The University of Texas, 
Austin, Texas. Mem. A.8.M.E. 


JOURNAL OF APPLIED MECHANICS 


SEPTEMBER, 1945 


The author, like all previous investigators, has assumed that 
the contact pressures between the shaft and the shrink members 
are essentially uniformly distributed. This is a logical simplify- 
ing assumption to aid in solving the rather complicated stress 
problem, but there is some doubt as to how closely this assump- 
tion agrees with fact. If the contact pressures are not uniform, 
then the conclusions as to the holding ability of the shrink fit and 
the stress distributions might be considerably in error. The 
effect on the stress distribution and holding ability would be 
appreciable even if the major variation in contact pressure 
occurred only very near the outside edges of the shrink member. 

It seems reasonable to suppose that the actual variation in 
contact pressure between the shrink member and the shaft is in 
some way dependent on the size and design of the shrink mem- 
ber. Thus if the flexibility of the edges of the shrink member is 
increased by circumferential stress-relieving grooves or by en- 
larging the bore of the shrink member near its outside faces, 
then a somewhat uniform radial pressure may be expected. If, 
on the other hand, a heavy hub is shrunk on the shaft, a condi- 
tion approaching uniform radial deformation of the shaft would 
be reasonable. The radial-pressure distribution for uniform 
radial deformation is shown in Fig. 1 of this discussion, for a 
shrink member with an axial load length equal to the radius of 
the shaft. 

Actually, the pressure distribution lies somewhere between 
the two extremes of uniform pressure and the distribution 
shown in Fig. 1, for uniform radial deformation. Theo- 
retically, the radial pressure at the outside faces of the shrink 
member are infinite for uniform radial deformation of the shaft. 
Practically, however, the radial deformations are known to be 
nonuniform, and radial pressures at the outside edges of 2 or 3 
times the average pressure would seem reasonable. 


=| 


Fic. 1 Pressure DistrisuTion To Propuce Unirorm 
DISPLACEMENT OF CYLINDER SurFACcE UNpeR Loap or LENGTH 


Assume, for practical cases, the end values of p/pe in Fig. 1 
of this discussion are limited to two or three. As the axial dis- 
tance a is reduced, the high edge values of pressure become an 
increasing percentage of the total load. It would seem, there- 
fore, that when only average effects are considered, as is done 
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when uniform contact pressures are assumed, considerable error 
is introduced for the cases of short shrink-fit members. 

The test results obtained by the author on the deformation of 
the shaft at some distance away from the shrink ring seems to 
confirm the assumption of uniform contact pressure because of 
the excellent agreement between test points and the calculated 
curves based on this theory. It should be remembered, how- 
ever, that because of physical limitation of the gage equipment, 
it was not feasible to obtain deflection readings closer than about 
0.05 in. from the outside face of the shrink ring. Since the con- 
centration of contact pressures at the edge of the shrink ring is 
extremely local, the effect on deformations might be also local 
and hence not detectable at distances away from the shrink ring 
where the deformations were measured. 


G. W.C. Hirst.4 The ultimate result of the author’s researches 
has been to produce a useful set of curves from which the stress 
system at any point in a circular prism may be derived when the 
uniform force exerted on the surface of the prism within a 
narrow circular band has been prescribed. These curves are 
akin to the influence lines which are used by engineers to 
compute the stresses in beams and other structures after the 
positions and magnitudes of the forces acting on them have 
been given. 

One might wish that, in the case worked out in such detail, the 
ring were narrower and the curves more nearly those of influence 
lines. As the composition of stresses is affected by adding their 
component tractions,® it follows that the stress system at any 
point, due to any uniform surface distribution of force, may be 
derived by considering the force applied by a number of rings 
shrunk onto the circular prism, and the stress computed by add- 
ing the appropriate ordinates of the influence lines. 

In this manner, using the curves of Fig. 5 of the paper, the 
effect, i.e., the surface stress ¢,, may be calculated at a point just 
outside the circumferential band over which the radial pressure 
was applied. The band over which this uniform force may be 
supposed to act has a width equal to the radius of the circular 
prism, 

The result of such a calculation agrees with Barton’s result.* 
The curves given in the diagram are not sufficiently extensive to 
permit a similar check being made on the stress produced by a 
hub, whose axial length was approximately equal to that of the 
diameter of the axle and shrunk upon the axle. This case is of 
great practical importance because it corresponds closely with 
railway practice. 

One curious and unexpected feature of these curves is that in 
Fig. 5 of the paper, curve 8 shows that the stress ¢,, within the 
surface of the axle, or cylindrical prism within the area subtended 
by the shrunk-on ring, is high. It is 0.82 times the radial pres- 
sure; also the tensile stress o,, just outside the area subtended 
by the shrunk-on ring, is low, i.e., 0.18 times the radial pressure, 
but the change in stress, however, in passing from outside the 
area subtended by the shrunk-on ring to within the area, is equal 
in magnitude to the radial pressure p. This change in stress p 
in the surface of the axle at the outside edge of the hub, when 
passing from outside the area subtended by the hub to within 
the hub, is common to all examples of press fits no matter what 
the length of the ring or hub may be, provided that the radial 
pressure is uniform. Increasing the length axially of the shrunk- 
on ring increases the tensile stress ¢, in the surface of the axle 
just outside the ring and at the same time decreases the com- 
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pressive stress o, in the surface of the axle within the area sub- 
tended by the ring. One is tempted to ask: What would be the 
condition of affairs throughout the axle were the pressure (pounds 
per square inch) from the shrunk-on rings to be maintained con- 
stant but the thickness of the rings axially diminished? 

In one respect these curves do not appear to check with an 
analysis made in a different manner. Fourier’s series was used 
to discuss the plane-stress representation of the case in which a 
hub was considered to be pressed upon an axle, in which the 
radial pressure was taken to be 


= +2) <7< 0 


| 
f(z) = 


i.e., it is linear increasing from zero at the edges of the hub to a 
maximum at its center. The result of this analysis was to show 
that in the surface of the axle and near the outer faces of the hub 
there was a small compressive stress present. By arranging a 
series of rings in a manner to simulate this distribution of radial 
pressure, there appears to be no reason, from the curves given in 
Fig. 5 of the paper, why this stress should be compressive. This 
discrepancy requires investigation. 

Not the least important result of the investigations by Barton 
and Rankin has been to discover the manner in which the surface 
stress o, in the free surface of the circular prism dimimishes 
as one recedes from the edge of the shrunk-on ring. These 
curves help to explain the photoelastic isochromatic diagrams 
of a wheel-and-axle assembly showing the combined effect of 
bending stresses and those produced by radial pressure from the 
hub. 


H. Porirsxy.’ This paper adds another interesting solution of 
the problem of stresses in a cylinder and is an illustration of one 
of the cases where because of the regularity of the boundary one 
can obtain an answer by classical methods, namely, by means of 
Fourier integrals involving Bessel functions. 

As a slight variation in the procedure outlined in the Appendix, 
it is of interest to point out that the applied stress can also be in- 
troduced by means of a Heaviside unit function, namely, as a 
uniform pressure over z > —a and an equal uniform tension over 
z> +a. By introducing the Bromwich integral for a unit pres- 
sure over z > 0 


1 
where the integration is carried out in the complex A-plane along 
a line parallel to the axis of imaginaries and to the right of \ = 
0, one can formulate the analysis by expressing ¢ and the stress 
components and displacements as Bromwich integrals. By 
collapsing the path of integration onto the imaginary axis, 
and replacing \ by Xi, the Fourier integral representation re- 
sults. By displacing the path to the left for z > 0, one can 
evaluate the integral as a sum of residues each of which rep- 
resents a state of stress varying as a damped sinusoid in the 
axial distance z. 
The evaluation of the various integrals by means of Si(x) and 
Ci(z) functions results only if the rest of the integrands, say, of 
Equation (22] of the paper (that is, the quantity in the bracket 
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over the denominator) are held constant. It is only by breaking 
up the integral into several parts and keeping the first factor econ- 
stant in each that one is able to express the stresses in terms of 
the functions in question. 

It may further be added that while the asymptotic representa- 
tions Equations [19] through [206] are most convenient where 
tables fail, they do not hold for small values of r such as occur 
in the integral due to the zero lower limit. Here tables are availa- 
ble for Jo and J; which should be used directly from Equations 
{18a} through [187] 


AvTrHor’s CLOSURE 


The author is in accord with the majority of Professor Barton’s 
remarks. The problem of stress distribution in a shrink-fit is 
extremely complex and has thus far successfully resisted a com- 
plete analysis. This situation is somewhat challenging as the 
shrink fit is one of the most common forms of assembly and is 
used on our largest generating units, namely, the steam turbine. 

The true radial stress distribution at the shaft surface does have 
the general shape shown in Fig. 1 of Professor Barton’s discussion 
with a large increase in the radial stress at the edges of the shrink 
ring. The experimental results of the paper, however, indicate 
that this stress increase is a local affair, and the extent to which 
it affects the holding ability of any but extremely short shrink 
rings is questionable. It is true that the electric gage could not 
measure the shaft-surface deformation immediately adjacent to 
the shyink ring, but readings were taken sufficiently close to the 
ring edge, and the gage is sufficiently sensitive, to furnish strong 
evidence that the stress increase at the ring edge is a local phe- 
nomenon. Operating experience with shrink fits shows that the 
edge effect has an adverse influence on the fatigue strength of 
shrink-assembled members, but similar test data with respect to 
the holding ability are not available. This edge effect is probably 
more pronounced on relatively short shrink rings, but such rings 
are not in frequent use because of the possibility of some form of 
buckling appearing. 

It is difficult to determine the extent to which Fig. 1 of Profes- 
sor Barton’s discussion could be used in practice. It is known 
that some stress increase is present at the ring edge, but the 
magnitude of this increase is open to considerable discussion 
(Professor Barton’s factor of “‘2 or 3’ is merely an estimate), as 
is the length to which it extends under the ring (Fig. 1 illustrates 
the limiting condition of uniform radial deformation of the shaft 
surface under the ring). The writer feels that Fig. 1 is certainly 
a step toward a more accurate solution of the shrink-fit problem, 
but the quantitative worth of this step is difficult to judge. It 
would be appreciated by all those interested in shrink assemblies 
if Professor Barton could furnish some modification of his uni- 
form-deformation results by which this edge effect could be evalu- 
ated quantitatively in practical shrink problems. 

In reply to Mr. Hirst’s discussion, space permitted the presen- 
tation of the complete stress picture in only one specific case, but 
similar curves for a relatively wide range of ring lengths can be 
constructed easily from the stress-component curves. However, 
as the author’s original problem did not consider rings whose 
length was equal to the shaft diameter, these stress-component 
curves were not extended to this range. 

The axial stress o, under the rings is surprisingly high, and in- 
creases as the ring length is decreased. The maximum value of 
o, occurs for a ring of zero length and reaches a value under the 
ring equal to the applied pressure p. As can be seen from the 
stress-component curves, shown in Fig. 5 of the paper, the change 
in o, as the ring edge is passed is always equal to the applied 
radial stress p. As an illustration of these remarks, Fig. 2 of this 
closure shows the axial stress at the shaft surface for a considera- 
ble range in ring Jength. Note that the change in stress at the 
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ring edge is always equal to p, and that the axial stress under the 
ring increases as the ring length decreases. For a ring of infini- 
tesimal length, the distribution of o, coincides with the co-ordi- 
nate axis, reaching a maximum value of p at z = 0. 

Fig. 3 of this closure shows the distribution of o, at the shaft 
surface around the ring edge for the limiting condition of a ring 
of infinite length. Fig. 5 of the paper can be used to plot this 
curve as one stress component becomes zero, and the other stress 
component can be expressed in terms of the axial distance A 
measured from the ring edge. The maximum axial stress is one 
half the value of p on both sides of the ring edge but decreases 
to zero as A is increased in either direction, These values are 
very close to the results obtained by Hirst in his mathematical 
study® of a loaded block, and to the photoelastic studies of Gib- 
son.® 


8 Appendix of reference (6). 
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It is difficult to determine the extent to which the radial stress 
distributions of Mr. Hirst’s discussion can be used to check the 
present case. The stress distribution mentioned by Mr. Hirst 
is an ideal approached by shrink members with stress-relieving 
grooves or conical bores and accordingly is not directly applicable 
to the present problem. Mr. Hirst’s study® was in the form of a 
Fourier series, and a single such series will give a saw-tooth effect; 
at least a double series will be needed to minimize the saw teeth 
caused by the assumed stress distribution. In addition, a modi- 
fication of Mr. Hirst’s.series results will be needed in order to 
show the effect of reducing the ring length to zero while holding 
the spacing between the rings at a fixed value. This, incidentally, 
furnishes an illustration of the power and flexibility of the 
Fourier integral attack, since no such modifications of the inte- 
gral results are necessary when considering rings of any axial 
length. 

A word is in order concerning the relative merits of the series 
and integral solutions. The author has tried both and has con- 
cluded that, excluding those cases in which one or the other is ob- 
viously better adapted, the integral solution may be somewhat 
more direct and more easily used for problems of this type. The 
series method gives a number of expressions for a series of coef- 
ficients, while the integral solution presents only one such coef- 
ficient. Although the latter is usually more complex than any 
single expression in the series solution, it may be simpler than the 
aggregate of all the expressions needed in the series solution. 
Furthermore, the integral solution effectively answers the ques- 
tion which always arises in series solutions: “How many terms 
are necessary for an accurate solution?” 

Dr. Poritsky’s remarks on the use of the more general Brom- 
wich integral in place of the Fourier integral are opportune. By 
using the Bromwich and contour integral, the results of the paper 
could have been expressed in terms of the residues, and the results 
might have been obtained more easily thereby. Dr. Poritsky’s 
suggestion should be considered in future problems of the type 
requiring an integral solution, as it is chiefly the difficulty of 
evaluating the infinite integrals which has restricted this type of 
solution. Evaluating the integrals by means of residues at the 
poles in complex-function analysis may simplify the most irksome 
part of the solution. The poles may be defined as the roots of the 
denominator of the integrands, and the integral needs to be 
known only in the immediate vicinity of these poles in order to 
determine the residues. 

Dr. Poritsky’s remarks on the evaluation of the integrals by 
means of the Si(z) and Ci(x) functions are correct, and only the 
limitations of available space prevented a fuller discussion of this 
point in the paper. The integrals could not be evaluated directly 
because of the complexity of the integrands, and a solution could 
be obtained only by resorting to numerical integration. The 
complexity of the integrands is one of the difficulties of integral 
solutions, but has no major effect on the final accuracy since the 
latter is limited only by the number of steps employed in the 
graphical integration. 

The evaluation of the Bessel functions for small values of Ar 
was done as Dr. Poritsky stated, and tables of these functions 
were used when available. The Appendix of the paper discussed 
chiefly the asymptotic expansions for large values of Ar as these 
are not as common as the absolutely convergent series; footnote 
10 of the paper pointed out that the asymptotic expressions were 
not valid for small values of the argument, but space again pre- 
vented a more complete discussion. 

Accordingly, the author is grateful to Dr. Poritsky for point- 
ing out these sections in which only a restricted explanation was 
possible in the paper. 


Application of the Fourier Method 
to the Solution of Certain 
Boundary Problems in the 

Theory of Elasticity’ 


Eric RetssNeER.22 The method employed by the author for 
solving boundary problems in partial differential equations by 
the use of infinite double or triple series of particular solutions, 
the infinite number of coefficients of which are determined by 
systems of an infinite number of equations with an infinite num- 
ber of unknowns, is well known. The author himself gives two 
references from the theory of bending and buckling of rectangular 
plates. Many more could be added. The writer considers it a 
merit of the present paper that the author shows the application 
of this method, to the writer’s knowledge, for the first time, to 
the important problem of the elastic circular cylinder. 

The author indicates his belief that, for the problem consid- 
ered by him, the stresses at the edge of the plane portion of the 
surface of the cylinder remain finite when the value of Poisson’s 
ratio is less than !/2. This appears to be questionable on the 
basis of results obtained some time ago for a similar problem by 
M. Knein.* If these stresses become indeed infinite, con- 
vergence of the author’s series solution is probably slow. All in 
all, one might wish that the author had given more definite in- 
dications of the important rate of convergence of his procedure. 
It would probably improve greatly the accuracy of the author’s 
solution if the singularities of the problem were first removed 
in a manner similar to Knein’s work, with the series method 
applied to the remaining problem. Removal of the singularities, 
by known methods, may also be suggested regarding the author’s 
calculation of the stresses for a rectangular plate loaded by two 
equal and opposite concentrated forces in the plane of the plate. 

In connection with this paper it seems appropriate to the 
writer to point out that recently interesting new series solutions 
have been published for the problem of the thin, elastic, rec- 
tangular plate which appear to apply well to the solution of the 
corresponding problems studied by the author.*5 The writer 
believes that it would be feasible and of some interest to gen- 
eralize these new results to the problem of the elastic cylinder 
and to elastic three-dimensional problems with rectangular 
boundaries. 

The author’s statement that “the energy method appears to 
be unsatisfactory when displacements are prescribed,” is con- 
sidered unjustified. In this connection mention may be made of 
two recent papers,®? where the energy method is applied to prob- 
lems in which displacement as well as stress conditions are pre- 
scribed along the boundaries of rectangular elastic plates stressed 
in their own plane. 

1 By Gerald Pickett, published in the September, 1944, issue of the 
JOURNAL OF AppLIED MEcuanics, Trans. A.S.M.E., vol. 66, p. A-176. 

? Assistant Professor of Mathematics, Massachusetts Institute of 
Technology, Cambridge, Mass. Jun. A.S.M.E. 

Theorie des Druckversuches,”’ by M. Knein, Abhand- 
lungen aus dem Aerodynamischen Institut, Aachen, no. 7, 1927, pp. 
41-62. 

‘Uber eine Form der Lésung des biharmonischen Problems fiir 
das Rechteck,’’ by P. F. Papkowitch, C. R. Academie of Sciences. 
URSS (N.8.), vol. 27, 1940, pp. 334-338. 

5“Die Selbstspannung-Eigenwert functionen der quadratischen 
Scheibe,”’ by J. Fadle, Ingenieur-Archiv., vol. 11, 1940, pp. 125-149. 

6‘*Least Work Solutions of Shear Lag Problems,” by Eric Reiss- 
ner, Journal of the Aeronautical Sciences, vol. 8, 1941, pp. 284-391. 

7 “Distribution of Stress in Built-In Beams of Narrow Rectangular 
Cross Section,” by F. B. Hildebrand and E. Reissner, JouRNAL oF 


Appuiep Mecuanics, Trans. A.S.M.E., vol. 64, 1942, pp. A-108 to 
A-116. 
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AvuTHOR’s CLOSURE 


The author wishes to thank Professor Reissner for his discus- 
sion. 

The computations were not carried far enough for the author 
to be certain as to the magnitude of the stresses at the edge of the 
cylinder. Removal of the singularity as suggested by Reissner 
was considered, but the author was unable to find the proper 
function for this purpose. 

Reissner’s use of the energy method for problems with mixed 
boundary conditions had escaped the author’s notice. Reissner 
overcomes the principal difficulty the author had in mind by using 
functions that do not satisfy rigorously either the compatibility 
or the boundary conditions. 


Influence of Rate of Strain and 
Temperature on Yield Stresses 


of Mild Steel’ 


T. McLean Jasper.? This paper is of great interest to the 
writer in that he has been closely associated with the forces neces- 
sary to shape and forge metals at various temperatures. The 
most economical speed of forming and forging is of great interest 
to many people, 

The paper seems to state that, as the speed of testing for soft 
steel increases, the energy required to accomplish fracture is also 
increased; also that, when the speed of testing approaches u 
= 200 per sec, the temperature of testing has very little effect 
on the amount of force required to bring steel to a given form or 
deformation. Since the writer’s experience is also associated 
with the development of forgings at the rate of 200 per min from 
the same machine, he would like to ask how the measurement of 
load was accomplished in the experiments for u = 200 per sec 
or over. 

In seeking an explanation for the curve in Fig. 6 of the paper, 
showing u = 200 per sec, the writer wonders how the accuracy of 
the values shown can be vouched for because of the great dif- 
ference between u = 3.10 X 10 — 5 per sec and u = 200 per sec. 
This, of course, is because such a wide variation of energy as 
shown is thought to be improbable. When the speed of testing 
is greatly increased, how may one be sure that all of the force, 
measured or calculated, was applied to fracturing the specimen? 

Some 20 years ago Professor Jenkins of Cambridge University 
reported the endurance limit for steel in which the stress cycles 
were applied at the rate of 1000 per sec. He found that if he 
used about 30 cycles per sec, the endurance limit for the same steel 
was reduced about 20 per cent. At that time it was considered 
that the specimens for the high cycle speed were not so highly 
stressed at the maximum fiber as the static calculations for bend- 
ing indicated. The difference between 30 cycles and 4 cycles per 
sec was shown to give about the same endurance limit by the 
National Research Council investigation at the University of 
Illinois. 

In view of the foregoing, how is the author sure that the forces 
he used for calculating the high-stress-rate curves in Figs. 3 to 6 
were applied to the specimens? 


AvuTHor’s CLOSURE 


Mr. Jasper has asked several questions, all of which relate to 
the measurement of the forces necessary to elongate the tensile 
specimen at high strain rates. The description of the high- 


1 By M. J. Manjoine, published in the December, 1944, issue of 
the JournnaL or AppLigep Mecuanics, Trans. A.S.M.E. vol. 66, 
p. A-211. 

*Engineer, General American Transportation Corporation, 
Chicago, Ill. Mem. A.S.M.E. 
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speed tensile machine was given in two previous articles® and is 
not repeated in the present paper. However, the force-measur- 
ing system can be described briefly as a short bar of steel to 
which the specimen is attached, with a means for measuring the 
elastic deflection of this bar. The load on the specimen is pro- 
portional to the elastic elongation of the force-measuring bar. 
This elongation is transformed into a proportional photoelec- 
trical response which can be electronically magnified and used to 
deflect the beam of a cathode-ray tube; this is the vertical de- 
flection shown on the oscillograms, Fig. 1. It was found that if 
the period of the natural frequency of this bar is short compared 
to the duration of the tensile test, the forces can be measured 
without a large error caused by acceleration forces. In the 
high-speed tensile machine which was used in this investigation 
the natural frequency of the force-measuring bar is about 11,000 
cycles per second which gives a period of 1/11,000 second or 
about 90 microseconds. The duration of a tensile test of mild 
steel at room temperature at a strain rate of 200 per second is 
about 2000 microseconds; therefore, there can be 22 vibrations 
during the test. These vibrations are usually rapidly damped 
out before the maximum load is reached, as can be seen in the b 
and f oscillograms in Fig. 1 of the paper. The force on the speci- 
men was defined by an averaging line through these vibrations. 
The error in measuring forces by the photoelectric pickup at a 
strain rate of 200 per second can be as great as +5 per cent. 
This error has been estimated from the reproducibility of the 
results and comparison with those of other investigators. The 
error becomes greater with increasing strain rate and decreasing 
duration of test. The error in measuring the yield-point load is 
much greater than that in measuring the ultimate load due to the 
high rate of change of load at the yield point. 

As to the large speed effect at 600 C, there are two factors 
which combine to give this large effect; the first is the influence 
of the rate of strain on the yield stresses and the second is strain- 
aging which is primarily a function of strain and time. The 
first factor can be shown to be large by comparing the ultimate 
stresses at the two lower rates in Fig. 6. If the stress increased 
at the same rate up to 200 per second according to a logarithmic 
speed law the ultimate stress would be about 45,000 lb per sq in. 
The influence of the second factor (strain-aging) can be seen by 
referring to Fig. 12. The peak of the characteristic stress-tem- 
perature curve shifts to the right with increasing speed; the 
stress at 600 C will be a maximum when this peak is at this tem- 
perature. The curve for a rate of 300 per sec shows that the 
peak is nearly at 600 C. We therefore can expect a large 
change in stress because of the strain-aging effect which produces 
this “‘aging”’ hump. 


An Analytical Theory of Landing- 
Shock Effects on an Airplane 
Considered as an Elastic Body’ 


J. N. Gooprer.* The problem discussed is clearly both formi- 
dable and important, and its solution has required an impressive 
marshaling of the resources of applied mathematics, even after 
the assumptions required to reduce the number of co-ordinates 


“High-Speed Tension Tests at Elevated Temperatures,” by 
M. J. Manjoine and A. Nadai, Proceedings of the American Society 
for Testing Materials, vol. 40, 1940, pp. 822-837; also, ‘‘“High-Speed 
Tension Tests at Elevated Temperatures,” Parts 2 and 3, by A. 
Nadai and M. J. Manjoine, JourNaAL or APPLIED Mecuanics, Trans. 
A.S.M.E., vol. 63, 1941, p. A-77. 

1 By E. G. Keller, published in the December, 1944, issue of the 
JouRNAL or Appiiep Mecuanics, Trans. A.S.M.E., vol. 66, p. A-219. 
p a of Mechanics, Cornell University, Ithaca, N. Y. Mem. 
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DISCUSSION 


to 14 have been made. These include the representation of the 
dynamical deflection of the wing during the landing shock as 
having the same shape as the statical deflection under gravity. 
As the author points out, this will be a good approximation in 
that it will yield a good value of the fundamental natural fre- 
quency when used with Rayleigh’s principle. Here, however, 
it seems desirable to seek other justification, since it is not at once 
apparent that the dynamical deflection will be close in shape to 
the statical. Even rather small discrepancies of this kind might 
be significant when the landing-shock stresses, depending in part 
on the flexural curvatures, and hence on the second deriva- 
tives of the deflections, are to be studied. 


Avurnor’s CLOSURE 


Professor Goodier very appropriately raises the question of 
justification of the assumption that the dynamical deflection of 
the wing during landing shock has the same general shape as the 
statical deflection curve under gravity. 

The paper fails to state that the author began his investigation 
of the behavior of an elastic airplane under landing shock by 
answering the question raised by Professor Goodier. Preliminary 
investigations were carried out on a one-dimensional wing and 
on a one-dimensional fuselage under the assumption that the 
dynamical deflection curve was developable in a Fourier series, 
subject to proper boundary conditions, and such that the coeffi- 
cients of the space harmonics were time functions determined by 
the operational calculus in the same manner as the distortional 
co-ordinates are determined in the paper itself. Also simplified 
analyses were carried out in a similar manner where possible de- 
flection curves were represented by power series satisfying the 
boundary conditions of the problem. The results of both investi- 
gations are that the shape of the dynamical deflections are a close 
approximation to the shape of the statical deflections under 
gravity for airplanes of the Constellation and B-17 type. This 
does not imply that the same result holds for all aircraft. For 
other types the foregoing simplified analyses would first have 
to be carried out. 

In carrying out such preliminary investigations only two 
thirds of the length of a wing measured outward from the fuselage 
is considered, since the wing tip is practically without mass. 
The motion of the tip can then be determined by considering the 
outer one third of the wing as an elastic beam clamped to the 
moving massive portion of the wing. 


Stresses in a Reinforced Monocoque 
Cylinder Under Concentrated 
Symmetric Tranverse Loads’ 


R. E. Newron.? The author is to be congratulated for his 
contribution to the science of ring analysis which explains a 
phenomenon that has long puzzled aeronautical stress analysts. 
Static-test results have consistently shown that the bending 
strength of light “former” rings is much greater than predicted 
by conventional theory. It is clear from this paper that the 
inadequacy of conventional theory results from neglecting the 
possibility that the ring behavior may influence the shell stress 
distribution. It is interesting to note that the present theory 
agrees with conventional theory when the ring moment of inertia 
approaches infinity. 


1 By N. J. Hoff, published in the December, 1944, issue of the 


or AppLtiep Mecnanics, Trans. A.S.M.E., vol. 66, p. 


‘ ? Head, Structural Methods Unit, Curtiss-Wright Airplane Di- 
vision, St. Louis, Mo. Jun. A.S.M.E. 


A-187 


Caution should be exercised in drawing conclusions from the 
numerical example. The chosen values of the parameters cor- 
respond to very light rings attached to a substantial short shell. 
Assuming conventional construction and a radial load sufficient 
to produce a maximum ring normal stress of 40,000 psi, the maxi- 
mum shear and normal stresses in the shell are only about 2100 
psi and 1700 psi, respectively. We may infer that the indicated 
high stress concentrations in the shell are of no practical im- 
portance in this case. A further question arises concerning the 
effects of omitting from the total strain energy the contributions 
of axial and shear stresses in the rings. Auxiliary calculations 
show that in the end ring of the numerical example, only 60 per 
cent of the strain energy is due to bending stresses, 36 per cent 
is due to axial stresses, and 4 per cent is accounted for by shear 
stresses. 

The large contribution of the axial stresses results from the 
shear-stress concentration in the portion of the shell adjacent 
to the radial load. This concentration increases without limit 
as the ring flexural rigidity approaches zero, so that the axial- 
stress contribution to the strain energy becomes an increasingly 
large fraction of the total strain energy in the ring. The strain 
energy accompanying ring shear stresses is of negligible impor- 
tance for very flexible rings, but it will make a sizable contribu- 
tion in heavy rings of “built-up” construction. 

This paper is an important contribution to the science of ring 
analysis. It seems probable that further refinements may be 
desirable for the analysis of very flexible rings or for heavy “‘built- 
up” rings. 

AvuTHoR’s CLOSURE 


The author gratefully acknowledges Mr. Newton’s valuable 
comments. Indeed, the numerical example of the original paper 
was calculated for a monocoque cylinder of 33 in. radius and 30 in. 
length, covered with an aluminum-alloy skin of 0.032 in. thick- 
ness. The total cross-sectional area of all the stringers was as- 
sumed as 12.87 sq in., and the moment of inertia of a ring as 
0.0716 in.‘ There were two intermediate rings of the same mo- 
ment of inertia equally spaced between the loaded ring and the 
rigid end ring. The results of some additional numerical calcula- 
tions are given now for the sake of comparison. 

The shear-stress concentration factor, given as 9.1 in Fig. 4 of 
the original article, is reduced to 3.3 when the intermediate rings 
are omitted so that the length of the field between adjacent rings is 
increased from 10 to 30 in. When in addition, the loaded ring 
is replaced by one having a moment of inertia of 1.94 in.,*‘ corre- 
sponding to a 4 X 2-in. channel of 0.091 in. wall thickness, the 
shear concentration factor is further reduced to 1.7. Finally the 
factor becomes 1.2 when the moment of inertia of the cross sec- 
tion of the loaded ring is increased to 26.65 in.‘ However, this 
value would correspond to a channel section of 8 in. height, 4 in. 
flange width, and 0.15625 in. wall thickness. 

The author fully concurs with Mr. Newton’s opinion that in 
some rings the axial and shear strain energies may not be negli- 
gibly small. He wishes to add that in many monocoque cylinders 
the effect of the strain energy of bending stored in stringers situ- 
ated close to the point of application of the load should also con- 
tribute to a substantial reduction of the stress-concentration fac- 
tors. This effect is coupled with a further decrease in the bend- 
ing moments of the loaded ring. Obviously consideration of these 
effects would increase the work necessary for the solution of the 
problem. 

In the author’s opinion careful and systematic tests are 
needed to indicate which of these items should be investi- 
gated in preference to the others. 
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Moment-Distribution Analysis for 
Three-Dimensional Pipe Structures’ 


M. J. Fisu.?- The author is to be complimented on an in- 
genious extension of the Hardy Cross moment-distribution 
method to three dimensions. However, pipe structures are not 
presented to us in such simple and ideal forms as that shown in 
Fig. 1. The writer is of the opinion that if this method were ap- 
plied by a group of workers to an elaborate pipe line, no two 
people would have the same answer or the same algebraic signs. 
It would seem that the methods of indeterminate structures can 
be used in piping problems only in the ideal cases of members at 
right angles to each other. In his doctor’s dissertation, Abel (1) 
gave an analysis of the neutral point (2) or rigid-bracket theory 
for pipe lines whose members are at right angles to each other. 
The application of Abel’s work has been presented by Spielvogel 
(3), who extended it to pipe lines with members at right angles, 
including quarter-bends. Where space permits, a bending radius 
of 5 pipe diameters is more usual than the 1!/2 which the author 
mentions. 

Much work remains to be done in order to obtain solutions of 
complicated pipe lines with some degree of ease. It is the 
writer’s opinion that up to the present time, the work of Hov- 
gaard (4) and Crocker (5), as applied by Vinieratos and Zeno (6) 
is most useful to the designer. 

In Fig. 3 (b) of the paper, if the notation of the plane and the 
members were placed alongside of the shears, it would aid the 
reader in the study of Figs. 3 (6), 5(b), 6(b), and 7(b). At point 
B, 9050 should have the notation XZ (AB); 3670, YZ( BC); 
9300, XZ(BC); and 5150, XY(AB). At C, 11,300 should have 
the notation XY¥(CD); 6650, YZ(CD); 3670, YZ(BC); and 
9300, XZ(BC). 
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ArrHUR McCurcuan.‘ The author’s application of the 
Cross method of moment distribution to the computation of the 
reacting forces and moments in pipe structures subject to tem- 
perature change has been examined with interest. It occurs to 
the writer that this method should be particularly useful in 
the solution of branch or multiended structures. If the author 
has made such solutions, some discussion of the procedure would 
be appreciated. 

A check solution of the author’s illustrative problem by the 
graphoanalytical method,® using values of H = 24 X 106 and / = 
360, derived from the author’s Table 1, gave slightly different 


1 By R. C. DeHart, published in the December, 1944, issue of the 
JOURNAL OF APPLIED Mecuanics, Trans. A.S.M.E., vol. 66, p. A-240. 

? Advisory Engineer, Combustion Engineering Company, New 
York, N. Y. 

’ Numbers in parentheses refer to the Bibliography at the end of 
M. J. Fish’s discussion. 

4 Engineer, Engineering Division, The Detroit Edison Company, 
Detroit, Mich. Mem. A.S.M.F. 

M. J. Fish, Bibliography (5). 
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values of the reacting forces and moments, but the differences 
may be due to differences in the assumptions regarding the rela- 
tion of torsional to bending rigidity. Members in torsion were 
assumed to be 1.3 times as flexible as those in bending in this 
check solution.* A comparison of the results is given in Table 1 
of this discussion. 


TABLE 1t COMPARISON OF REACTING FORCES, LB 


DeHart Graphoanalytical 
Fy 9700 9960 
Fy 4700 4900 
F, 8900 9720 


The graphoanalytical solution of three-dimensional problems 
using square corners involves only three relations, i.e., ¥l, 
and v// 4, in which Y = area of bending moment between the 
element in question and the fixed end, and y¥,, and ¥y = areas of 
bending moments due to moment and force, respectively, acting 
on the element. These relations seem easier to keep in mind 
than the moment-distribution method. 

The author has failed to take into account the effect of the 
flattening of the cross section of curved pipe in his conclusion 
that square-corner approximations apply more accurately to 
lines with bends having a radius of 11/2 pipe diam or less. Ac- 
tually, square-corner approximations agree much more closely 
with calculations which take the bends into account when long- 
radius bends, having a radius of 5 to 6 pipe diam, are used 
Identical results for one-plane problems involving all curved 
pipe, are obtained when the flexibility multiplication factor A, 
which takes flattening into account, is 0.59. The value of A for 
the 12.75-OD 0.500-in-wall pipe apparently used in the illus- 
trative example with an P/d ratio of 1'/2 is about 0.15, as com- 
pared with 0.50 for a bend with an R/d ratio of 5. These rela- 
tions have been shown graphically by Wert and Smith.? In- 
cidentally, the illustrative problem used in this paper can be 
solved in less than 10 min by means of the charts given in this 
reference.’ 

An example of the application of the moment-distribution 
method to a three-ended pipe structure would afford a_par- 
ticularly useful demonstration since such problems are difficult to 
solve by usual computation methods. 


Jack Raprinovirz.* This paper is of interest to anyone who 
has ever questioned the possibility of extending the Hardy Cross 
moment-distribution method to the analysis of three-dimensional 
pipe structures. It shows that such problems can be solved 
by this procedure, and the proposed frame work is well or- 
ganized, 

The writer is not convinced, however, that the practical ad- 
vantage of fewer calculations, fewer errors, and time saving, 
claimed by the author in favor of the moment-distribution pro- 
cedure over the virtual-work methods, is in any way nearly 
comparable to those offered by the preintegration methods which 
also derive from the virtual-work principles. 

The procedure proposed by the author involves a considerable 
number of moment distributions which, although comparatively 
simple in this particular numerical example, would be much more 
involved if the piping system contained 5 or 6 members, as often 
occurs in common practice. 

The numerical example discussed is also favorable because of 
the fact that the members of the piping system are of the same 
magnitude of length and size. Should the stiffness of two adjoin- 


‘See M. J. Fish, Bibliography? (5), p. 622. 

7“Design of Piping for Flexibility With Flex-Anal Charts,” by 
kK. A. Wert and S. Smith, Blaw-Knox Company, Power Piping Di- 
vision, Pittsburgh 12, Pa. 

8 Ibid., p. 83. 
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ing members greatly differ, as they often do in common  prac- 


SUMMATION OF COEFFICIENTS tice, the distribution factors would be so disproportionate that 
+Iy* 2675 = (048.2 Try 533.0 appreciable errors would result. 

Ty 7970+ 270.0 * 1062.0 =- \48.0 The procedure proposed involves also the solution of three 
Ty 1657+ 792.0» 1555.7 rys3 +302 simultaneous equations with an unsymmetrical determinant 

which is time-consuming by itself. 
THE THREE EQUATIONS ace As compared with the procedure proposed by the author, the 
1048.2 K+ 533.0Y + 148.0Z%- 4,6875007:0 writer would emphasize the advantage of fool-proofness and 
ayEI: $330 *1062.0Y - 3:0.22%- 3,125,000°0 sunplicity of some preintegration methods, and among them 
asEI: 148.0 - 31027Y + 3. \25.00076 the Spielvogel’? method which preintegrates the piping system 
about its elastic centroid. In the writer’s organization, however, 
Souvine tHe 3 Eavarions -— where in connection with steam-power-plant design a considera- 
oe oo Poun os ble number of piping problems have to be solved within a min- 
Fe ‘ 4804 ys imum time, we are using another preintegration method de- 
i veloped by Boris Lochak,'! head of our division. Departing 
sae from the centroid method which still involves an important 


amount of duplication of work, the method described hereafter 
4904 preintegrates the piping system about any point, and the solu- 


tion of a problem of this kind is given by the three following equa- 


a tions,'? with symbols and notations as defined in the numerical 
> example hereafter, which is the same as the author’s original 
example: 
c 4305 


“See M. J. Fish, Bibliography? (3). 
FI@URE SHowS REACTIONS IN POUNDS '! Structural Engineer, Gibbs & Hill, Inc., New York, N. Y. 


'? Published with the permission of B. Lochak. 


— NUMERICAL EXAMPLE — 
vy 
A 
EXPANSION CONSTANTS 
ax EI: Sk «25«10** 360"- 4 681500 
Ay ET: « 3.125 000 
ET: 25<10e 360'+ 3.125 000 
Dd 
| 
= —— PROTECTIONS IN THREE PLANES 
KY PLANE T YZ PLANE af XZ PLANE 
z ae 
| d | 
— COMPUTATION OF COEFFICIENTS — 
T T ~ 

vem | ek x |e fy [etry | 

w LAB] | | O © |843.15| | O | 1125.0 

BC | 10.0} lwo] o | 5.0 | |-soo} ° 2750 | 8333) 333.33) 

| 
100 | 13.0 J-10.0 -\300} O \300 ° 1300.0 | 
| | 38.0 | | 180.0 © | 84575115500} 83.33} 1633.35] 
I’, = 1633.33- 720.7 142 Try: O- --533 
T T own 

7 1195 | O © jo | oO ° ° 

= 
| 10.0 it | o |-soo| o | © | o |{as.33 |33333 
a 10.0 | 0.0 |-i0. | £0 | |-$0.0 000 | 250 18333 | 

{34-5 | 150.0 250.0 83.33 | 23.33 333-33 | \335.33 

[y+ 333.33- 225+ 770 1339.93- 763.7 Ly3+ 500- 310.2 

Ab -1.5 oO Oo © ° 
3| BC | 10.0 | o | O ° ° ° 
a 7 
Cb | | |-5.0| © |soof | 250 83.33| O 933333; O 

x 380 | O 57S} 2500] 83.33 | 261-78 333.33) (125.0 
333.99- 267-5 Ty: 19% Tug? O- - 148 
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S,? SsSy | .. q S:S, 


= 


= 
S654] x [ St Si 
E L L L L 
= A,EI 
= A,EI 


Essentially the method proceeds as follows: 

1 The piping system is projected on the 3 co-ordinate planes. 
Each member is attributed a flexibility factor equal 1 when pro- 
jected full size, and a flexibility factor equal 1.3, when projected 
ina dot. The factor 1.3 accounts for the ratio between the EJ 
in bending and the GJ in torsion. 

2 The origin of the co-ordinate system is selected at the 
point of intersection of two component members of the pipe. 
This has the effect of introducing a great many zeros into the 
computations, as may be readily seen from the numerical ex- 
ample. 

3 The system is then preintegrated in the three planes and 
the equations are set up as shown in the numerical example 
herewith. The solution of the equations is simplified because of 
their symmetrical determinant. 

4 The expansion constants are computed with their respective 
signs. 

From the complete computation sheet shown with this dis- 
cussion (on the preceding page), it can be seen that the volume 
of calculations is less than in any known procedure. 


AUTHOR’s CLOSURE 


The author is grateful to Messrs. Fish, McCutchan, and 
Rabinovitz for their valuable comments. Exception is to be 
taken, however, to Mr. Fish’s statement that methods for indeter- 
minate structures can be used only for piping problems in which 
the members meet at right angles, since single-plane systems 
with members meeting at any angle have been successfully 
analyzed by the neutral-point method, column analogy, and 
moment distribution. 

The conclusion that 1!/;-diam bends which are standard weld 
ells, need not be considered in the solution was not intended to 
mean that short-radius bends have less effect on the flexibility 
than long-radius bends, but merely to indicate that in view of 
all the uncertainties in the problem such as allowable combined 
stress, end conditions, modulus of elasticity, Poisson’s ratio, etc., 
additional accuracy to be obtained from taking the weld ells into 
account was not usually practical. 

The numerical example was chosen primarily for convenience 
in illustrating the application of moment distribution to the 
analysis of pipe structures as simply as possible. Realizing 
the fact that each time a member was added to the structure 
the number of moment balances and simultaneous equations 
required to eliminate the unbalanced shears increased, a more 
practical means of shear correction was developed which elimi- 
nated the necessity of solving simultaneous equations. A three- 
anchor-point system in accordance with Mr. McCutchan’s sug- 
gestion has been chosen as a practical example. This method 
allows a joint to rotate with translation prohibited, balance and 
carry-over moments, then fix all joints against rotation and allow 
the structure to translate a sufficient amount to remove the 
unbalanced shears created when the joint rotated. The pro- 
cedure of alternately allowing a joint to rotate then the entire 
structure to translate will finally result in a condition whereby 


JOURNAL OF APPLIED MECHANICS 


SEPTEMBER, 1945 


there will be no further tendency for translation or rotation when 
the joints are released, indicating that the structure has reached 
equilibrium. When this condition has been obtained, the shears 
at the joints will balance as well as the moments. 

The unbalanced shear causing translation is removed by add- 
ing fixed end moment at the terminals of the members that have 
shears in the direction of the unbalanced shear. These fixed 
end moments can be determined by the following steps: 

1 Evaluation of the unbalanced shear resulting from the rota- 
tion of any joint. 

2 Distribution of this unbalanced shear to the members of the 
structure involved. 

3 Calculation of the fixed end moment to be added into each 
member based on the shear determined in (2). 


DeTERMINATION AND DISTRIBUTION OF UNBALANCED SHEAR 


In order to evaluate the unbalanced shear resulting from the 
rotation of a joint, refer to Fig. 1. When B is released and 
allowed to rotate in the X,Y-plane, the change in moment in AB 
is M(1 + c), where M is the moment distributed to AB when 
joint B rotates, and ¢ is the carry-over factor which is !/; in this 
case. The shear unbalance at B in the Y direction resulting 
from this moment change is 


15M 


Las 
or for unit change in moment in AB 
1.5 

[2] 


Lz is the length of AB. 


The unbalanced shear at B in the Y-direction is distributed 
to AB, BC, DE, and FG in direct proportion to the stiffness or 
inverse proportion to the flexibility'* of the individual members 
and systems of members involved. 

For convenience in the solution, a force of 1 lb in each direc- 
tion at each joint that a shear unbalance may occur is assumed 
and distributed, see Fig. 1. The shears in AB, BC, DE, and 
FG, for example, due to any unbalanced shear at B in the Y 
direction would then be the product of the unbalanced shear and 
the shears due to a 1-lb force in the Y-direction at B. 


DETERMINATION OF FrxED END MoMENTS REQUIRED TO REMOVE 
UNBALANCED SHEAR 


The fixed end moments to add into AB, BC, DE, and FG to 
produce shears of such a direction and value to neutralize the 
effect of the unbalanced shear resulting from a unit moment 
change in AB in the X,Y-plane are determined from the relation 


where S’ is the shear in the member resulting from a 1-lb load 


applied at B in the Y direction multiplied by i or the fixed end 


Las 
moment to be added at the terminals of AB is 
1.5 L 0.75 
M ap (X,Y-plane) = Sap = San —— Laz... [4] 
Lap 2 Lap 
and for 
1.52 0.75 
Mc (X,Y-plane) = Sge—— = Spe —— Lac... . (5) 
Lap 2 Lap 


13 A thorough knowledge of flexibility and stiffness of systems of 
structural members is essential, see ‘‘Theory of Modern Steel Struc- 
tures, vol. 2 Indeterminate,’”’ by L. E. Grinter, The Macmillan 
Company, New York, N. Y., 1937, p. 158. 
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DISCUSSION 

YSTEM TYPE FLEXIBILITY STIFFNESS All MEMBERS ARE 8° SCHED BO CARBS 
BCHFC SIMPLE | 15625. +1728 = 17959 | 17952! = 20000578 O>FRATING TEMP =750°F 

| Comprex | 0.000182-"= 5450 000 ~ 1795.3 =Q000183 
BCHFE SIMPLE _| 15625 +1000=16625 16625-' =Q20000602 
ABHBCHFG)| COMPLEX | Q000185~’= 8000+ 16625 Q000185) 
AB+BD ComPLEX = 890 8000~'+ 1000~"= 
| | Q00207~!= 8000+ = 200207 | 

C+ | 15625 +483=16108 = A000062 

BCt(ABTBD)| SIMPLE | 15625 +890= 16515 /65/5~’ = Q.0000604% 


IN AB 
OIisTRIBUTES To BOF DE 
480+ = 


_ 1000 
a= SS = 195 
Spe Loe? 

Ape = 0.39 

430 = 076" 


259" In AB EBC 
DisTRIBUTES To FG 
Arc 2.59” 


476 W000 
46 = 0.95” 

= 1.64" 


In DE 
OnsTRIBVTES To BO, AB, BC EFC 


4 + = 0.46" 
46 = + 


4 
8D 
0.072" 478 = 0389 
Age Lee’ ‘ 
4° 


Orc = 0.039" 48¢=0.35" 


0.58" In 
To 4B,BCFE BO 


4 + = 0.58" 
448 = 


48¢ = 055" 

Arc =aoss” 4ac= aves” 
448 = 0.03" 4a0= 003" 


NET 448 = 0.03 +0388 =0.4/8 B UPRELATIVE To A 


G= 10x/05 AT 750°F 
8” SCHED. 80= 105.7 


E-TENSION COMP = 24x10 AT 7507 


Jo 
G 

APPLIED AT THE X \ApPLiIED ATF IN THE X 

OIRECTION. DIRECTION. 

+ Sao = 564+ = 

Z 

DE _ 1000 Lyre? 1728 
0-34" Spe=Q66* | Spe = 037" = 0.63" 


“ 
c 


Ss0=aes * 


Soe = 091%" Sag 0.058" 


NET 480 = 0.072-0.03 = 0.0427 D 
SFC = 0.055-0.039=0.016" F 
0.58" ELoncarion In DB In FC 
DISTRIBUTES To DE, AB, BC, \ To AB, DE, BC, FG 
4 a8 = 48c+ 456 48 = Spe Mae 
Soe + ase” | 356+ A = 069" = 144, 
0.051" 408-0529" | 4¢6=0.04" = sid 
_ Laci _ _ 483 _ END MOMENTS YZ PLANE 
456 = 0.032" = 0.497" 4ac= 0.63!" =bpe=0.019"| 
Mer = =Q019+0.529 = 0.548"8 Moves NorTH To A BF 
NET ADE = Q051-0.019 = 0.032"D 11 SOUTH 115 E 
=0.631-0.497 = 0.134" C NoRTH w 8 
NET =0.0% - 0.032 = 0.008"G SOUTH 
THE VRECTIOLY AT THE YRECT/ OMY. end 6£I--2 
FC 
Sap + Sap + Sac = / See + Spe + Sac = Map = = 48; 000 (=) Mrc= 
= Sac = S66 FC 
0.049 | Sgc=0.028* 0.028 
Sea _ koe? _ 572 Fixed End MometnTs XZ PLANE 
Sap Lag? ~ 3000 = 225 = = 6 


Disteisurion [* APPLIED 
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+ Sap = Sac 
= 95 
1728 
Sac = = Seo = 0.905 * 
S 
Sap 


8000 
Sap = 0.085" Sag = 0.0/% 


| APPLIED 
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Se + Soe = Sae 
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The distribution factors used in distributing moments in Fig. 2 
are based on 7/L values when the rotation of the members at 


Myx (¥,Z-plane) = the joint is due to flexure only. At joints involving members in 
Lap which rotation takes place as a result of torsion, the distribution 
factors are based on the moment required to produce unit rota- 

(7] tion at the terminal of the member. hese quantities are Riven 
Lap in Table 1. The carry-over factor for a member rotating in 


Sap, Spc, ete., are the shears in AB, BC, ete., resulting from a 
1-lb force applied at B in the Y direction. 

The terms on the right-hand side of Equations [4], [5], [6], and 
[7] are the shear-balance factors for AB, BC, DE, and FG at AB 
in the X,¥-plane. These shear-balance factors when multiplied 
by the moment distributed to AB in the X,Y-plane give the fixed 
end moment to be added into AB, BC, DE, and FG, in order that 
the unbalanced shear resulting from a change in moment in AB 
in the X,¥-plane be eliminated. In Table 1, the shear-balance 
factors for the structure are computed. 

It should be noted that when a change in moment in BC occurs, 
a shear unbalance of equal amount will be produced at both B 
and C. The structure must be allowed to translate so as to re- 
move both these unbalanced shears. 

The signs of the shear-balance factors can best be determined 
by assuming a positive change in moment in a member. Deter- 
mination of the direction of the shears in the various members 
involved then indicates the sign of the fixed end moment re- 
quired to give these shears. 

In order to compute the initial fixed end moments, the expan- 
sion in each member is distributed to the structure.'*? These 
deflections are then superimposed giving a net deflection in each 
member from which the initial fixed end moments are calculated, 
see Fig. 1. A positive moment indicates that the joint is tending 
to rotate the member clockwise looking at the structure from the 
south end toward the north end of the Y axis, from the east end 
toward the west end of the X axis, and from the top toward the 
bottom of the Z axis. 


flexture is +!/) and for a member rotating in torsion is —1. 

In Fig. 2 it is seen that the shears at C and F are not bal- 
anced, the discrepaney being quite large. This indicates that 
the moment distributing and shear balancing was not carried out 
far enough in order that the net shear at these joints be zero. 
However, in most cases, as in this one, additional accuracy is not 
warranted. 


Sign CONVENTION AND EXPLANATION OF TreRMS IN 
TRIBUTION OF MOMENTS 


The three items in the top row of each distribution column 
are the member designation, designation of type of rotation 
torsional or flexural, and the moment distribution factor. ABNXY 
is the shear-balance factor for added fixed end moment in AB 
in the XY,¥-plane. ABNXZ is the shear-balance factor for AB 
for added fixed end moment in AB in the Y,Z-plane, ete. 

An errata for the original paper, as suggested by Mr. Fish 
follows: 
Page A-241 
Page A-241 


Fig. 2(b) °N,¥-plane’ at B should read 

Fig. 3(a) In plane V,¥, at joint C the distribution 

should read 17 and 83. 

Page A-242 Table 1. Moment producing unit @ in flexure should |x 
“multiplied by rather than 108. 

Page A-242 Equation [9] should read 


Lep* 
Scp + Sc | 
Lap 


Page A-243 Fig. 7(a) At joint B, in the VY, ¥-plane the final moment- 
should read +4. 4 and —4.4. At joint C, in the ¥,7 
plane the final moments should read —14.5 and + 14.5 


TABLE 1 CALCULATION OF SHEAR BALANCE FACTORS AND QUANTITIES FOR DISTRIBUTION FACTORS 


7o Jo XY PLANE XZ PLANE YZ PLANE 
RODUCE ROOUCE SHEAR SHEAR SHE: 
MEMBER @ In| | 275 BALANCE | MEMBER \ SHERR\ BALANCE\MEMBER\ SHEAR 
LEXURE | TORSION | L FACTOR FACTOR FACTOR 
AB 422x10°| eexio® |o0375| 48 DE jag¥| +027 i 
XY PLANE 8c 2028\4+0.03 FG 0.028| +0.0/ 
XZ PLANE BC 40.049|+ 0.05 |0.04¥9|- 0.02 
BC 337x107 | 10.35 |003 | BC 0.086 |- 0.06 DE |0.859| -0.2/ 
XY PLANE AB 0.055 140.03 FG 09141 40.27 
XZ PLANE) |0.095|40.06 FC 0.856 | -0.3/ 
8D | 176x105 |088 | 0.075) BD 03% 1-0.26 DE 0.66 |+0.40 
XY PLANE 
8D 7 48 0.10 |-0.75 BD 10.85 |-0.63 
YZPLANE BC |\a049 |+0.09 FC |0.0¢9|-0.04¥ 
OE 1050 220x107 |/.10 |0.09%| 8D 0.3% 1+0.32 DE 0.66 |-0.50 
Z PLANE 
YZ PLANE 2.028 | - 0.07 FG _10.028|-2.03 
Fc 00x 105 | /14%6x10° | 0.73 |0.0625| Fc 0.37 |\-0.27 FG 0.63 |+0.40 
XY PLAIVE 
Fc oon ” Q0l |-0.0/ Fc 0.905|- 0.68 
YZ PLANE 8C A095 -0./5 BD 0.085 | 0.05 
| 176x195 10.88 |0.075 | FC 0.37 | +0.33 FG 0.63 |-0.4%8 
PLANE 
u “ A8 0.003 FG 0.94%2| - 0.70 
YZPLANE Bc OOSE\+0.1/ OE 0.055|—- 0.03 
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+90 __| +25 +29 -10 
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-1000 
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XZ 33% 1G ENO _KEGETIONS 
Fig. 2) Moment DistrinutTion SHEAR BALANCING 
Moments marked with an asterisk are shear balance moments that are added at the terminals of the member due to change in moment in the mem- 
ber itself. Moments marked with a circle are shear balance moments added into the other members involved in the shear balance.) 
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Network- and Differential-Analyzer 
Solution of Torsional Oscillation 
Problems Involving Nonlinear 
Springs’ 


C. S. L. Rosrnson.?. Some complete solutions are given here 
for systems with nonlinear springs. These have not been ade- 
quately studied before because the mathematics becomes 
awkward. It is true that other methods of solution have been 
used.* However, in view of the facts that there are about as 
many nonlinear springs as there are linear ones and that damping 
is usually nonlinear, this paper is much needed. 

Admittedly most materials follow Hookes law, but many me- 
chanical arrangements are made so that the resultant load- 
deflection relations are nonlinear, éspecially at the loads which 
occur near vibration peaks. The paper shows that whenever 
manufacturers refer to such a construction as “nonresonant” per 
se, they are entirely wrong. (This has actually been done!) 

It is true that resonant frequencies can be located by the con- 


1 By C. Concordia, published in the March, 1945, issue of the 
JOURNAL OF APPLIED Mecuanics, Trans. A.S.M.E., vol. 67, 1945, p. 
A-43. 

? Engineer, Bethlehem Steel Company, Shipbuilding Division, 
Central Technical Department, Quincy, Mass. Mem. A.S.M.E. 

* Reference 3 of the paper; also, ‘‘Forced Vibrations of Systems 
With Nonlinear Restoring Force,”’ by K. O. Friedrichs and J. J. 
Stoker, Quarterly of Applied Mathematics, vol. 1, July, 1943, pp. 
97-115. 
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ventional mathematics using linear spring constants which ap- 
proximate the lower part of the deflection curves. Hence, a 
general statement may be made that nonlinearity in spring con- 
stants affects only resonant amplitudes and the range over which 
they occur. 

In amplitude calculations, the great drawback to accuracy is 
damping. The author did not give any solutions for nonlinear 
damping, but it can be imagined that this would affect only the 
magnitudes of the peak responses. Damping is apt to increase 
at high amplitudes for two reasons: 


1 Material hysteresis increases with stress. 
2 Static friction between rubbing parts is overcome. 


As mechanical engineers, we usually excuse our inability to solve 
perplexing nonlinear vibration problems by saying that the pa- 
rameters in the usual case are not accurately known. We hope this 
will not always be so, and we thank the electrical engineers for 
supplying the tools for analysis. 


AuTHor’s CLOSURE 


We wish to thank Mr. Robinson for his comments, and to state 
that we are in entire agreement with them. Although they were 
not shown in the paper, we have included the effects of nonlinear 
damping and hysteresis, and of coulomb friction in some studies. 
Such damping effects become especially important in the study of 
control systems as well as of other types (one example is the prob- 
lem of aerodynamic flutter) wherein it is of interest to determine 
the degree of stability of the system and the possibility of con- 
tinuous self-excited oscillations. 
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Book Reviews 


What Are Cosmic Rays? 


Wat Are Cosmic Rays? By Pierre Auger. Translated from the 
French by Maurice M. Shapiro. The University of Chicago Press, 
1945. Cloth, 5'/4 X 7!/2in., 128 pp., 16 figs., xx11 plates, $2. 


REVIEWED BY JESSE ORMONDROYD! 


HE cosmic ray, because of widespread publicity, is a subject 

of public interest. Some of the methods of experimentation 
in this field are so spectacular that they have become “news”’ in 
the daily papers. Readers will remember the public stir over the 
large balloon ascents in the northwest in the mid-thirties and 
Professor Picard’s name was on everybody’s lips. Professor 
Picard himself is well known even to the nonscientific public 
here since he has spent much of the last fifteen years in this 
country. He fits well into the public imagination as the generic 
scientist. It might be said therefore that this book supplies a 
demand already created. 

To quote in part from the translator’s preface, ‘“This book is 
written primarily for the reader who lacks a technical knowledge 
of physics but who wants to keep in touch with current develop- 
ments in science.”’ “It is the only volume in English which gives 
a broad and up-to-date discussion of all the major cosmic-ray 
phenomena.” ‘The treatment of its topics is nonmathematical.”’ 
The original, entitled ““Rayons Cosmiques,’’ was published by 
the Presses Universitaires de France, Paris, in 1941. The trans- 
lation is a revised and up-to-date version of the original. It is 
interesting to note that a book like this could be published during 
the German occupation of Paris, one of the minor consequences 
of which was that the reviewer was unable to obtain a copy of the 
original in this country for comparison with the translation. The 
translator states that the translation ‘‘is a very free one, for the 
sake of conforming to English scientific usage.’’ 

While the book is short, 120 pages, and written for the con- 
sumption of a public not necessarily educated in science, it can- 
not be described as a bedtime story. None of the elaborate 
mathematical theories of atomic physics appears in its pages but 
the text is packed with numbers, graphs, statements cf facts, 
descriptions of instruments, and methods of measurement. To 
keep continually in mind the logical connection between all this 
information and the historical development requires more than 
casual reading. 

The book, written by a man who is one of the best in the field 
and translated by another who has worked in the field within the 
last five years, is completely up to date. Most of the workers in 
this field have turned their talents to military activity since 1940 
so that no experiments of crucial importance have been made in 
the last half decade. 

The reader will gain a clear insight into the process of scientific 
development by reading this book. The human mind can only 
contemplate things which are static. The entire object of science 
is to find something fixed in change and some order in chaos. 
The fixed points of departure in the study cf cosmic rays are the 
conservation principles. In systems isolated for contemplation 
or experimentation and unaffected by the outside universe the 
anchors are the conservation of mass and energy (which are 
equivalent) and the conservation of momentum and electric 
charge. The theoretical physicist holds on to these even ‘‘though 

the heavens fall.” To save these principles he is even willing to 

'‘ Commander, U.S.N.R., David Taylor Model Basin, Navy De- 
partment, Washington, D.C. 


invent unobservable entities such as the neutrino. Armed with 
these principles and detecting instruments the investigator 
builds up his case. The main instruments used in cosmic ray 
studies are the Ionization Chamber, the Wilson Cloud Chamber, 
the Geiger-Miiller Counter, and the Geiger-Miiller “telescope.” 
All these instruments are described in the text and simple dia- 
grams are shown for all of them. 

The reader will discover from the book what the cosmic rays 
are and what they do, but he will not discover where they come 
from or how they obtain the enormous energies which they possess. 


The Modern Gas Turbine 


THE Mopvern Gas Tursine. By R. Tom Sawyer. Prentice-Hall, 
Inc., New York, N. Y., 1945. Cloth, 6 X 9 in., xx ahd 216 pp., 
illustrated, $4. 


REVIEWED BY JosePpH H. KEENAN? 


HIS book brings together many useful studies relating to 

the gas turbine. It includes material from the well-known 
paper of Soderberg and Smith, the various published accounts 
of the work of industrial firms including Brown-Boveri, Escher- 
Wyss, General Electric, Westinghouse, and Allis-Chalmers, and 
the published surveys of aircraft gas-turbine development by G. 
Geoffrey Smith. 

The author provides introduction and continuity. His in- 
troduction includes some historical material, although he proba- 
bly would not claim that this part of his work is in any way 
definitive. An interesting contribution of this sort is the dis- 
cussion of the reciprocating analogy of the gas turbine. Bryan 
Donkin is quoted as implying that such a device—the Cayley- 
Buckett engine——was on the market as recently as 1896. 

The book is provided with many pictures of machinery of the 
gas-turbine type. Included among these are existing devices 
the Houdry and Velox power plants, the turbosupercharger, the 
compound Diesel engine, and the Brown-Boveri gas-turbine 
power plants for central station and locomotive. For security 
reasons, no picture is given of an existing jet-propulsion plant for 
aircraft, although patent drawings and other paper plans for 
such devices are shown. . 

Aside from these existing devices, most of the discussion re- 
lates to projected designs and schemes which are in various 
stages of development. The conventional schemes using com- 
pressor, intercooler, combustion chamber, turbine, reheat cham- 
ber, and regenerator are disctissed mostly in the words of Soder- 
berg and Smith. The closed cycle, commonly associated with 
the name of Escher-Wyss, a heat engine as distinguished from a 
combustion engine, is described briefly. A modification pro- 
posed by the Westinghouse Company substitutes combustion 
for the heat input at high temperature but retains the heat ex- 
changer, or “‘condenser,”’ for rejection of heat at low temperature. 

The book is weakest in its analytical treatment, but this de- 
ficiency is partially compensated for by a good bibliography. 

The current literature on the subject of the gas turbine is reach- 
ing flood proportions. The student of the subject must be 
grateful for any attempt to select and gather into book form the 
more significant material. The next step should be the prepa- 
ration of a textbook or treatise which expounds this new field of 
gas-turbine engineering in terms of the fundamental sciences of 
engineering. 


2 Professor of Mechanical Engineering, Massachusetts Institute of 
Technology, Cambridge, Mass. Mem. A.S.M.E. 
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The Flutter of a Uniform Cantilever Wing | 


By MARTIN GOLAND,' BUFFALO, N. Y. 


The flutter speed of a uniform cantilever wing (one with 
a built-in root and with constant mass and stiffness 
characteristics along its entire span) is determined by 
integration of the differential equations for the wing 
motion. The solution is free of the dynamical approxi- 
mations usually made during flutter analyses of the 
Rayleigh-Ritz type. A brief discussion of the procedures 
conventionally employed for the solution of the flutter 
problem is given, followed by a detailed derivation of the 
exact method for finding the flutter speed. It is found 
that a Rayleigh-Ritz type analysis, based on the funda- 
mental uncoupled bending and torsion modes, is entirely 
adequate for the flutter analysis of a uniform wing. In 
addition to yielding a flutter speed which is in excellent 
agreement with the true value, the approximate method 
adequately predicts the wing shape at flutter. Additional 
parts of the paper deal with the relation between the un- 
coupled and the ground modes for the uniform wing, and 
with the nature of the wing response resulting from 
forced excitation while in flight. 


INTRODUCTION 


necessary step in the design of modern aircraft is an 

investigation of the flutter characteristics of the intended 

structure. Flutter, an aeroelastic instability, must not 
occur within the operating speed range of the craft, as it may 
cause catastrophic disintegration of the airplane during flight 
and will, in any event, involve serious oscillatory distortions of 
the structural components. Present design trends are in the 
direction of structures particularly vulnerable to flutter-type 
instabilities, thus intensifying the interest of aircraft designers 
in accurate methods for flutter analysis. 

Briefly, the condition commonly referred to as flutter is a 
self-sustained oscillation which involves a coupling between 
the inertia, elastic, and damping forces of the vibrating airplane 
structure, together with the air forces acting on the aerodynamic 
surfaces. For flight at low speeds it is found that free oscilla- 
tions of the airframe are damped away through the action of the 
air forces and structural damping. At the flutter speed a condi- 
tion of neutral stability is attained, while at slightly higher air 
speeds the oscillations are of divergent character. It should be 
noted that other dynamic instabilities besides those of the aero- 
elastic type can occur in aircraft systems; for example, rigid- 
body motions of thé craft can couple with the aerodynamic 
forces, causing a condition of “dynamic instability” to exist. This 
differs from flutter in that it involves motion of the craft as a 
rigid body, save for the deflections of control surfaces; relative 
distortions of the structure, an essential part of flutter, are not 
taken into account. 

It is readily recognized that the solution of the flutter problem 
involves consideration of the total airplane structure as a con- 


‘Section Head, Applied Mechanics, ‘Structures Department, 
Curtiss-Wright Corporation, Airplane Division, Research Labora- 
tory. Jun. A.S.M.E. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 10, 1946, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

oTe: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


tinuous vibrating system acted on by the external air forces 
and internal damping. Because of the complexity of modern 
aircraft, the designer is forced to discard this broad point of view 
in favor of a simpler one. Accordingly, flutter is confined to 
either ‘‘wing flutter’’ or “tail flutter,”’ assuming that the tail does 
not participate to an important extent in free wing vibrations 
and vice versa. For wing flutter, only wing and fuselage motions 
are taken into account. The fuselage may be assumed to act 
as a rigid mass, or fuselage distortions may be considered. Ac- 
curate tail-flutter analysis almost always requires that the effects 
of fuselage torsion and bending be accounted for. 

As a second simplifying assumption, it is usual to describe the 
participation of the various airplane components in the flutter 
motion in terms of a few arbitrarily chosen ‘‘modes.”’ In this 
manner the continuous airplane structure is replaced by a simpler 
system composed of a finite number of degrees of freedom. 
The arbitrary modes are usually taken as the fundamental modes 
of portions of the structure vibrating as an undamped system 
in vacuo. Thus the first few normal modes of a wing-fuselage 
structure are sometimes used to describe the flutter motion of an 
airplane. An even greater simplification of the flutter analysis 
is effected by using as degrees of freedom the fundamental 
“uncoupled” modes for the wing vibrating in vacuo; an un- 
coupled bending mode is arrived at by applying frictionless 
constraints to the wing which allow it to bend vertically but not 
twist about its elastic axis; for an uncoupled-torsion mode, 
frictionless constraints are applied which suppress the wing 
bending but allow it to twist. Analogous assumptions are made 
for tail-flutter analysis, in order to reduce the work required to 
a reasonable amount. 

Since exact solutions for the flutter speeds of aircraft are not 
available, the extent of the error introduced by these simplifying 
assumptions is not known. Wind-tunnel flutter tests and other 
types of test have not thus far yielded accurate comparisons of 
the calculated and true flutter speeds. Considerable insight into 
the question is obtained from the discussions of alassical dynamics, 
but the conclusions of classical dynamics, dealing with vibrations 
in vacuo, are largely inapplicable to the flutter problem (see later 
discussion). 

The present paper is a study of the validity of approximating 
the flutter motion of a continuous wing by combinations of a few 
of its uncoupled modes for vibration in vacuo. To do this, an 
exact solution is obtained for the flutter speed of a rectangular 
wing with a uniform mass and stiffness distribution along its 
span; mathematical difficulties prevent the choice of a wing of 
more complex design. The true flutter speed for the uniform 
wing is then compared with the speeds calculated by the more 
approximate methods previously discussed. 

In succeeding sections of the paper an outline of the simplified 
methods for flutter analysis is given, together with the exact 
solution for the flutter of a uniform cantilever wing. Additional 
notes are concerned with the problems of forced oscillations in 
flight and the relation between the normal modes and the un- 
coupled modes for the uniform wing. ; 


FLUTTER ANALYSIS BY CONVENTIONAL METHODS 


Several authors (1, 2, 3)? have discussed the problem of ana- 
lyzing conveniently the flutter characteristics of airplane struc- 


~ 2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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tures. The methods now in most common use incorporate the 
simplifications mentioned in the “Introduction” and are carried 
out according to a modified Rayleigh-Ritz procedure. The 
calculation of the flutter speed of a uniform cantilever wing will 
now be outlined, enabling the reader to become acquainted with 
the various aspects of the solution. 

It will be assumed that the flutter motion of the wing can be 
described by a combination of the fundamental uncoupled modes 
in bending and torsion for the wing vibrating in vacuo. Since 
the wing has a uniform distribution of mass and stiffness along 
its span, these become the fundamental bending and torsion 
modes of a uniform bar, whose properties are well known (4). 
The natural frequency of the fundamental bending mode is 


and the corresponding mode shape is 
Y, = C,{cosh 8x — 0.734 sinh 8x — cos 8x + 0.734 sin 8x}. . [2] 
where 


EI, = flexural stiffness of wing 
m = wing mass per unit length of span 
l = cantilever wing length 
Bl 0.60 


and C, is an arbitrary constant and z is a spanwise co-ordinate 
with its origin at the wing root. For the fundamental torsion 
mode, the natural frequency is 


and the mode shape is 


GJ = torsional stiffness of wing 
I = mass moment of inertia of wing per unit length of span 
C, arbitrary constant 


The continuous wing structure is thus replaced by a system 
composed of two degrees of freedom. The wing-bending shape 
is taken to be , y 


y = yo(t)icosh 8z — 0.734 sinh Bz — cos Sz + 0.734 sin Bx}. . [5] 


and the torsion is approximated as 


where yo(t) and @(t) are the generalized co-ordinates, both 
functions only of the time t, which make up the two degrees of 
freedom of the system. The equations of motion for the wing 
in terms of yo(t) and 60(¢) can now be deduced without difficulty 
by using Lagrange’s Equations [5]. 

The Lagrange equations for the problem are 


d oT 

Die +> G [7] 
d oT. We 

dt 2% 2% (8) 


where the use of a dot refers to a time derivative, and 


T = kinetic energy of system 
Vg = potential energy of system 
Le = generalized aerodynamic lift force corresponding to 
bending mode 
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Mg = generalized aerodynamic moment corresponding to 
torsion mode 


(These equations do not account for the presence of structural 
damping. If this effect is to be considered, additional terms 
involving a dissipation function must be introduced in Equations 
7] and [8]. None of the conclusions of this paper is dependent 
to any extent on the presence or absence of damping; ac- 
cordingly, for the sake of simplicity, the structural damping 
terms are omitted.) 

In terms of the wing bending y and the torsion @, both referred 
to the elastic axis, the kinetic energy of the system is 


27 = m fy + 28 fy + dz. .... {9} 


and the potential energy is 


1 2 \2 l 2 
2V, = El, (2) dz + ar (%) dz.... [10] 
\Oz? 


where z is a spanwise co-ordinate with its origin at the wing root, 
and S is the static mass unbalance of the wing about its elastic 
axis, per unit of span length. The static unbalance is taken as 
positive for a chordwise center-of-gravity location which is behind 
the elastic axis. 

Substituting Equations [5] and [6] in Equations [9] and [10} 
and performing the necessary integrations, the expressions for 
T and Vg become 


2T = 1.016 mlijo? + 1.368 + 0.500 . . [11] 


and 


Yo? 60? 
2Ve = 12.800 El, + 1.232 GJ {12] 


The forms of the generalized lift force Lg and the generalized 
moment Mg are arrived at as follows: Let (5yo) be an arbitrary 
displacement of the co-ordinate yo(t). The work done during 
this displacement is Lg(syo). Corresponding to the displacement 
5yo, let the wing deflection at a given station be éy. Then if 
Ldz is the aerodynamic lift force acting at that station over a 
small length of span dz, the work done on the increment of span 
is (Ldz)sy. Equating the works written in terms of the general- 
ized and actual forces and displacements, the necessary relation 
is derived 


= fo L(sy)de 


Here L is the lift force acting per unit of span length at station z. 
In a similar manner the expression for Mg is found to be 


06 
= 14) 
Me fou (28) as [ 


where M is the aerodynamic moment acting about the elastic 
axis at station z. 

If consideration is restricted to the condition when the wing 
moves through the air af the flutter speed so that a disturbance 
causes the wing to oscillate sinusoidally and with constant ampli- 
tude, the air forces derived by Theodorsen (6) can be used to 
describe L and M. His work shows that L and M may be taken 
in the form 


M = w&'Myy + + + (16! 


or 


. 
3 
fs 
3.55 EI, 
m 
. 
GJ [3] 
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where w is the circular frequency of the sinusoidal wing oscilla- 
tion, and the coefficients L,, L',, ..., Me, M’s are functions of 
the wing semichord length b, the elastic-axis location, the density 
of the air at rest, the circular frequency w, and ¢he true air speed 
V. In particular, the coefficients are functions of the “reduced 
frequency” wh/V, and for a particular wing and air density, their 
values remain constant so long as the reduced frequency does not 
change. 

It is readily shown from Theodorsen’s work that the coefficients 
Le and M, are not equal, and that L's does not equal W’,. This 
implies that the air forces acting on the oscillating wing are not 
derivable from a potential function. The fact that the air forces 
cannot be treated in a simple manner, in terms of a potential 
function, considerably.adds to the complication of the general 
flutter problem. 

It is to be noted further that Equations [15] and [16] are state- 
ments of the fundamental concept that the lift force and moment 
acting on an oscillating airfoil are not in phase with the dis- 
placements. The fact that the coefficients of the type L, are 
only functions of the reduced frequency (subject to the conditions 
mentioned) is important to the later solution. 

Equations [5] and [6] can now be substituted in Equations 
[15] and [16] (remembering that the oscillations are sinusoidal), 
and the resulting expressions can then be put in Equations [13] 
and [14]. If this is done, the forms for the generalized force 
Lg and moment Mg are found to be, after appropriate integration 


Lg = 1.016 lw*Lyyo + 1.016 lwL’ + 0.684 


+ 0.684 lwL by... ... [17] 
and 
Mg = 0.684 yo + 0.684 + 0.500 96 
+ 0.500 lwM ..... {18] 


Putting the expressions for 7’, Vg, Lg, and Mg in the Lagrange 
Equations [7] and [8], the equations of motion for the wing are 
obtained in terms of yo and 4%. They are, after slight simpli- 
fication 


mijo — — yo + 12.6 — yo + 0.673 


— 0.673 — 0.673 = 0...... {19] 
wM yo w*M 0.772 Tb, 0.772 wM 


— 0.772 + 1.900 “ = 0..... [20] 
It should be recalled that these equations apply only at the flutter 
condition; the air forces have not been introduced in sufficiently 
general form to account for possible convergent or divergent oscil- 
lations. 

The equations of motion are solved in order to determine the 
flutter speed for the wing according to the following line of 
reasoning: Suppose that yo and 4 are solutions to Equations 
{19} and [20]. Now, multiply Equations [19] and [20] by the 
imaginary quantity 7 and let Jo and 6 be solutions of the resulting 
pair of equations. If Equation [19] is added to the first of the 
two newly formed equations, and Equation [20] is added to the 
second, two new equations result 


EI 
mYo— + 12.6 —* + 0.673 Siig 


l 
— 0.673 — 0.673 = 0..... [21] 

S¥o— wM' Yo — w*M,Yo + 0.772 — 0.772 wM 
— 0.772 + 1.900 =0...... [22] 


A-199 

where 
Yo = Yo [23] 
Qo = + Be. [24] 


Inspection of Equations [21] and [22] shows that Yo and @p» 
can be taken of the form 


where A and B are complex constants. It is clear from the fore- 
going discussion that yo is the real part of expression [25], while 
.99 is the real part of the expression [26]. F 

Substituting Equations {25 | and [26] for Yyoand @ in Equations 
[21] and [22] gives, after slight manipulation 


(Lu —iL’,)A —0.673(Li2 + iL’s)B =0....... .. [27] 
~(Mx +iM’,)A + 0.772(M2 —iM's)B =0..... [28] 


where 


Ly = m( 1}— Liz = § + Le 
w 


w,? 
Mn =S+M,; Ma 


From this it is seen that if nontrivial solutions for Y> and @y are 
to exist, the determinant formed by the coefficients of A and B 
in Equations [27] and [28] must vanish. This determinant has 
complex elements and in expanded form, the statement of its 
vanishing is 


(ay Az) + + Ay) = 0..... : [29] 
where 

Ly —0.673L, | |—L’', —0.673L's | 
= A. = j 
Ma 0.772.M » | -M 0.772M ‘a | 
‘L’, 0.67311 | Ly ).673L'9 
As = | }; Ay = 


It is clear, then, if a flutter speed for the wing does exist, 
Equation [29] will be satisfied for a particular combination of 
wand wb/V values. Physical conditions require, of course, that 
both the circular and reduced frequencies have real values at 
the flutter point. 

Accordingly, the final step in the solution for the flutter speed 
may be stated as follows: To find a combination of the circular 
frequency w and the reduced frequency wb/V, both real quan- 
tities, such that the stability Equation [29] is satisfied. 

The mechanics for carrying out this last step will not be dis- 
cussed here, and reference is made to the work of several other 
authors (6, 8, 9). One obvious method used by Theodorsen 
(6) is to investigate the combination of frequencies which cause 
the real and imaginary parts of Equation [29] to vanish simul- 
taneously. 

It is evident that once the proper combination of circular and 
reduced frequencies for flutter are determined, the value of the 
flutter speed can be readily determined, thus completing the 
solution. 

In the solution of physical problems it is clear that the intro- 
duction of complex functions is not a necessity, although it is 
frequently a mathematical convenience. Some interest is at- 
tached to the manner in which the solution to Equations [19] 
and [20] proceeds without the introduction of complex forms. 
A brief discussion of this alternate method of solution is given in 
the Appendix. 
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Exact SoLuTION FOR FLUTTER OF UNIFORM WING 


To arrive at the exact solution for the flutter of a uniform 
wing, which is to be compared with the results of the approximate 
method described in the last section, it is first necessary to deduce 
the differential equations which govern the motion of the wing. 

At station z the wing has a bending displacement +y down- 
ward and a twisting displacement +46 nose-up, both referred to 
the chordwise position of the elastic axis (see Fig. 1). Consider 
now, the dynamic equilibrium of a small increment of wing 
length dz located in the vicinity of this station. The inertia 
force (my + S6)dz and the inertia moment (J6 + Sj)dz must 
be supplied by the external forces and moments, as shown in 
Fig. 2.3 The external forces and moments consist of transverse 
shearing forces and torsional moments which are transmitted 
from one portion of the wing to the next, plus the aerodynamic 
lift force and pitching moment. 

It is shown in the standard texts on strength of materials (10) 
that the transverse shearing force N acting upward at station z, 
on the inboard side of the increment of wing length, is 


where the partial derivative is used since the deflection y is a 
function of both z and the time t. On the outboard side of the 
wing element, at station z + dz, the downward transverse shear 


oN 
is then equal to N + — dz. 
ox 


The nose-down torsional moment acting on the inboard side 
of the wing element is given by (11) 


oT 
At station « + dz the torsional moment is 7’ + a dx. Again, 


partial derivatives are indicated since @ is a function of both z 
and ¢. 

The nature of the aerodynamic forces acting on the increment 
of wing length at the flutter condition has already been discussed 
in the preceding section of the paper. Equations [15] and [16] 
describe the lift force per unit span, positive when downward, 
and the pitching moment per unit span, acting nose-up about 
the elastic axis, in terms of the deflections y and 6 and their 
associated velocities. Over a wing length dz the lift force is 
then Ldz and the pitching moment equals Mdz. 

According to Fig. 2, the equations of motion for the wing 
become 


ot 
mij + S6 + El, — — = 0... [32] 
and 
+ 89 —GJ —— — — = 0 
ox? 


.. [33] 


where, it is recalled, the dots represent time derivatives and for 
a specific wing and air density, the coefficients L,, L’,, ..., Me, 
M's are functions only of the reduced frequency wb/V. Since 
the air forces of Equations [15] and [16] are for a wing oscillating 
sinusoidally with a constant amplitude, it should be noted that 
Equations [32] and [33] apply only at the flutter condition. 

The equations of motion, Equations [32] and [33], can be 
solved by taking 


3 Notation introduced in the last section is carried over without 
change to this discussion. 
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Fig. 1 Co-Orprnates Usep in Discussion or UntFoRM WING 


Y,(z) cos (wt + ¥) + Y2(x) sin (wt + y)...... [34 | 
Y3(z) cos (wt + ¥) + sin (wt + y)..... (35 | 


0 


where y is an arbitrary phase angle, and Y;(z), Y2(x), Ya(x) and 
Y,(x) are functions of the span co-ordinate z only and describe 
the wing shape at flutter. The forms of the four Y functions are 
yet to be determined. 

Substituting Equations [384] and [35] in the equations of 
motion, separating the terms in each equation which have 
sin (wt + wy) and cos (wt + y) affixed, and equating each set 
individually to zero, the four equations are obtained 


[36] 
Swt¥, = 0. ... [37] 
+ + wM',Y2 + + 
+ = 0...... [38] 
w*M',Y, — — + — 
— = 0...... (39) 


where the Roman numeral superscripts denote differentiations 
with respect to z. 

These four equations serve to fix the forms of the four Y 
functions. They are taken to be linear combinations of sets of 
terms of the type 


If this typical set of Y forms is substituted in Equations [36| to 
[39], the four equations result 


T 
= — (m+ 1) |4 — L',B—(S + Le)C —L'sD = 0. 
@ 
El, 
L',A +| — (m + L,) |B + LC — (S + = 0. (45) 
w 
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N 
N+ 
ON 
ox dx 


(my + S6 )olx 


Fic. 2(a) Forces AcTING ON AN ELEMENT OF W1ING OF LenGTH dz Fia@. 2(6) Moments ACTING ON AN ELEMENT OF WING OF LENGTH dc 
(The arrows represent moment vectors in the usual right-hand sense.) 


It is then clear that if the chosen Y forms are valid, the set of 
four homogeneous Equations [44] to [47] must be satisfied. In 
other words, the determinant formed by the coefficients attached 
to A, B, C, Din these equations must equal zero. The meaning 
of this requirement, in physical terms, will be given later. 

Consider now the boundary conditions for the problem. 
Since the root of the uniform wing is built in, it must be true 
that for all values of the time ¢ 


Or 


At the wing tip there can be no bending moment, transverse 
shearing force, or torsional moment acting. Therefore for all 
values of t, it is necessary that 


itz =, (51) 
r 
ox 


where | is the span of the cantilever wing. In addition to these 
boundary conditions, it must also be possible to adjust the 
solution so that at the start of the motion, when ¢t = 0, an arbi- 
trary deflection and velocity can be assigned to some point of 
the wing. 

Inspection of Equations [34] and [35] shows that the boundary 
conditions [48] to [53] are equivalent to the requirement that 


atz = 0, Y,=Y,;'=jY, = = Y; = ¥, =0 [54] 
and 
atz=], = =0. [55] 


These conditions must be satisfied by the Y functions when they 
are written in complete form, as is done later in Equations [56] 
to [59]. 

It will now be shown that the determinantal equation which 
arises from Equations [44] to [47], combined with the conditions 
(54) and [55], completely fix the flutter speed and the flutter 
shape of the uniform cantilever wing. The shape at flutter will 
be known, but a single amplitude constant will be indeterminate. 
The value of this constant, together with that of the phase angle 
¥, will be fixed once a starting deflection and velocity are as- 
signed to a point of the wing. 

Returning now to a consideration of the determinantal 
equation arising from the relations Equations [44] to [47], it 
Is Seen that this equation is of the sixth degree in \*. Moreover, 
since the flutter frequency w is of necessity a real number, all 
terms other than \ in the coefficients of Equations [44] to [47] 
are real. Hence the coefficients of the sixth-degree equation 


+ SY )dx 


are also real. There are then six \* roots, separating into three 
pairs of complex conjugates. The corresponding » values are 
twelve in number, dividing into six pairs of complex conjugates, 
i.e., three sets of conjugates plus their negatives. 

(It is of interest to note that the determinant formed by the 
coefficients of Equations [44] to [47] can be written in a form 
similar to that of Equation [84]. Equation [85] then follows. 
One of the brackets of this last equation, when equated to zero, 2 
yields three distinct \* values; the complex conjugates of these 
roots are obtained if the remaining bracket is set equal to zero.) 

The complete expressions for the Y functions, as outlined in 
Equations [40] to [43], can now be written. Since there are 
twelve possible values for \, the complete forms become 


r 
Y,= (De * + [59 | 
where r= 1,3, 5, 7, 9, 11 


and \, and d-4: are complex conjugates. The ratios B,/A,, 
C,/A,, and D,/A, are determinate, once the value of A, is known, 
from Equations [44] to [47]. It can be shown without difficulty 
that pairs of coefficients of the type A, and A;4+: are complex 
conjugates; hence if B,/A, = a, + 78,, then Br4i/Ar4. = 
a, — 18,, and similarly for the other ratios. 
Let 


Equations [56] to [59] can then be written as 


Y, = (a, cos + [61] 
Tr 

Y; = [b, cos + bri sing [62 

Y; = Se**[c, cos + sing t]........... [63 | 


Y, = [d, cos + [64] 


where , 
a, = A, + Arai} i(A, — Ar41) [65 | 


b, = B, + Brat; = — (66) 


ete. 
From this it is seen that if 
B,/A, = a, + 18, 
then b, = a,@, + 8,0r+1 


and similarly for the remaining ratios. 
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If Equations [61] to [64] are now substituted in the boundary 
conditions, Equations [54] and [55], a set of twelve homogeneous 
equations in the coefficients a, b, c, d are obtained. Using results 
of the type Equation [67], the b, c, d coefficients can be eliminated, 
leaving a set of twelve homogeneous equations in the twelve 
coefficients a, and a;4:. Let the determinant formed by the 
coefficients of this set be A. Then for the Y forms of Equations 
[61] to [64] to be valid, it must be true that 


Inspection of A shows that it is dependent on the values of 
, calculated in a previous step in the solution, and on the wing 
length J. 

The mechanics of the solution for the flutter of a uniform wing 
can now be outlined. It has been shown that for any chosen 
values of the reduced frequency wb/V and the circular frequency 
w, a set of A values can be calculated, using the determinantal 
equation arising from Equations [44] to [47]. Moreover, if the 
\ set is calculated for those values of wb/V and w at which wing 
flutter occurs, then this set will satisfy Equation [68]. Any set 
of \ values, corresponding to values of wb/V and w different from 
those at flutter, will result in a A value which is different from 
zero. 

The problem of the flutter of a uniform wing is thus reduced to 
the following: To find a reduced frequency wb/V and a flutter 
frequency w such that the corresponding values of will cause 
Equation [68] to be satisfied. If the values of wb/V and w at 
flutter are determined, the flutter speed is at once calculable. 
The wing shape at flutter is defined by Equations [61] to [64]. 
It is readily seen that all but one of the coefficients a, b, c, d in 
these expressions can be computed from the set of twelve homo- 
geneous equations previously discussed. The significance of 
the remaining coefficient has already been mentioned. 

In conclusion, it is to be noted that there will be several flutter 
speeds for the wing; only the lowest of these is of practical 
importance. 


CALCULATIONS FOR A 400-MrpxH WING 


The complexity of the flutter solutions outlined in the previous 
sections makes it difficult to draw general comparisons between 
the conventional and exact methods. Although some progress 
can be made in this direction (see ‘‘Discussion and Results”), 
questions such as how great an error the conventional methods 
introduce in the calculated flutter speed cannot be answered. 
It appears desirable then to choose a specific wing, of typical 
properties, for which numerical results can be obtained. 

For this purpose a uniform cantilever wing having a flutter 
speed near 400 mph is a reasonable choice. The 400-mph flut- 
ter speed is representative of modern aircraft in the moderately 
high-speed class. Although study of a series of wings having 
flutter speeds ranging from very low to very high values would 
be useful, the enormous amount of computational labor involved 
places such an investigation beyond the scope of the present work. 

The wing chosen for study in this paper has the following 
characteristics: 


Cantilever wing span = 20 ft 

Wing chord = 6 ft 

Wing weight = 4 psf 

Radius of gyration of wing about center of gravity = 25 
per cent chord 

Spanwise elastic axis of wing at 33 per cent chord (from leading 
edge) 

Center of gravity of wing at 43 per cent chord (from leading 
edge) 
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Fundamental uncoupled wing bending frequency = w, = 50 
radians per sec 

Fundamental uncoupled wing torsion frequency = w, = 8 
radians per sec 

Based on these assigned properties, it is readily shown that 


3 ft S = 0.447 slug ft per ft 
0.746 slugs per ft El,/m = 31.7 X 108 Ib ft® per 
20 ft slug 

1.943 slug ft? per ft GJ/T = 1.23 X 106 lb ft per slug 


The values of the other parameters entering the solutions, such 
as L,, L’,, ..., Me, M's, are functions of the reduced frequency. 
They are calculable from the results of Theodorsen (6), once a 
value of wb/V of interest is chosen. 

If a flutter analysis is carried out for this wing, using the 
“conventional”? method outlined in the third section, it is found 
that flutter occurs at a reduced speed of 2.80, i.e., Equation 
[29] is satisfied at this value of V/(bw).4 The corresponding 
flutter speed and flutter frequency are found to be 


Vy, = 385 mph; «wy = 67.4 radians per sec 


To arrive at these results, any one of several known methods 
(6, 8, 9) can be used to solve the stability Equation [29]. 

In order to carry out a numerical flutter analysis for the wing 
by the exact method, a schedule for the computations had to be 
arranged, A review of the exact method shows that the line of 
attack suggested by the discussion in the last paragraphs of the 
preceding section is most fruitful. This involves a trial-and-error 
procedure (as do all known methods for determining flutter points). 

In essence, the procedure is as follows: An arbitrary (real) 
value of V/(bw) is chosen, together with an arbitrary (real) value 
of w. From the determinant arising from Equations [44] to 
[47] the corresponding twelve values of \ are calculated. Using 
these A, the value of the determinant A is found. If the com- 
puted value of A does not equa) zero, as required by Equation 
[68], the procedure is repeated for a new set of V/(bw) and w values. 

The amount of work required to determine the exact flutter 
point for a wing is considerably lessened by a judicious choice of 
trial values for the reduced speed and frequency. For the wing 
in question, it is natural to confine interest to the region sur- 
rounding the flutter point as computed by the approximate 
method, i.e., to the region near V/(bw) = 2.80 and w = 67.4 
radians per sec. 

The results of calculations for seven sets of values of V/(bw) 
and w are shown in Fig. 3. From this figure the flutter point 
can be located with sufficient accuracy for present purposes. 
Additional calculations were not carried out owing to the large 
amount of labor required for each A determination. It is to be 
recalled that in addition to considerable preliminary setup work, 
each A evaluation involves (a) finding the roots A of a complex 
cubic (or a sixth-degree equation with real coefficients), ()) 
calculating the ratios of the type B,/A,, C,/A,, and D,/A,, and 

(c) determining the value of a 12 X 12 determinant with real 
elements (which arises from Y-function boundary conditions). 

An inspection of Fig. 3 shows that flutter undoubtedly occurs 
quite close to the point® 


4 The reduced speed is the inverse of the reduced frequency. 

‘It is to be noted that slight error in interpolating the data of 
Fig. 3 to locate the flutter point does not appreciably affect the 
accuracy of the flutter-speed determination. Consider the extreme 
points V/(bw) = 2.94; w = 65.7 radians per sec, and V/(bw) = 2.86; 
w = 66.7 radians per sec. These points lie to either side of the 
flutter point described in the text. The values of V corresponding 
to these extreme points are 395 mph and 390 mph, respectively. 
These do not differ appreciably from the value 393 mph quoted for 
the wing. 
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TABLE 1 VALUES OF A AND CONSTANTS a, 6, c, d AT FLUTTER POINT FOR UNIFORM WING 


r Ar ar Gr41 br 

1 0.11184 — 10.00621 0.041 —O0.097 —0.0971 
3 —0.11184 + 10.00621 0.386 —0.760 —0.7607 
5 0.01868 + 10.09976 0.008 0.356 0.3553 
7 —0.01868 — 10.09976 0.576 1.076 1.0741 
9 0.00530 + 710.08200 0.256 0.427 0.4234 
1 —0.00530 — 10.08200 —1.267 —1.000 —0.9955 


~ 


Nore: The value of ai2 has been arbitrarily set equal to —1.0000. 
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Fic. 3. VaLUES OF THE DETERMINANT A FOR VARIOUS SETS OF 
V/bw AND w 


(The flutter point has been located by interpolation of the 4 values.) 
V/(bw) = 2.90; wy = 66.2 radians per sec 
which gives a flutter speed of 
V; = 393 mph 


These values are to be compared with those obtained by the 
Rayleigh-Ritz type solution, namely, V/(bw) = 2.80; wy = 67.4 
radians per sec; V, = 385 mph. 

It appears then that although flutter actually occurs at values 
of reduced speed and frequency which differ slightly from those 
deduced by the approximate solution, the flutter speed computed 
by the Rayleigh-Ritz procedure is in excellent agreement with 
the true value. 

Using Equations [34] and [35], together with Equations (61] 
to [64], the true shape of the wing at flutter can be studied. 
The values of the roots \ and the constants a, 6, c, d for the 
flutter point, obtained in terms of ai: arbitrarily set equal to 
—1.0000, are given in Table 1. The corresponding values of the 
Y functions at several points along the wing span are given in 
Table 2. 

Suppose, now, boundary conditions are imposed so that at 
the start of the motion the bending deflection y at the wing tip 
is unity, while the bending velocity is zero, i.e., att = O andl = 
20 ft; y= 1.00andy = 0. Itis then found that the wing shape 
during this motion can be described with excellent accuracy by 


the expressions 
[34a] 
@ = Y4(zx) cos (wt — 56° 57’) ........... [85a] 


where Y; and Y; are functions of the spanwise co-ordinate 2, 
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cr dr d-41 
—0 0407 —0.000661 0.005597 0.006121 0.000758 
—0 .3838 —0.008509 0.044819 0.048994 0.009587 
—0.0079 0.006773 0.060341 0.060287 —0. 006694 
—0.5745 0.114192 0.173986 0.173947 —0.113867 
—0. 2504 —0.018893 0.130583 0.131049 0.020114 
+1.2459 —0 092881 —0.417561 —0.420376 0.089715 


TABLE 2 VALUES OF Y FUNCTIONS AT SEVERAL POINTS 
ALONG SPAN? 


z Ni Y: Ys Ys 

0 0 0 0 0 

4 0.0933 —0.1561 0.1313 0.003298 

8 0.3450 —0.5629 0.2532 0.002584 
12 0.7089 —1.1340 0.3545 —0 .002053 
16 1.1352 —1.7902 0.4232 —0.006471 
20 1.5827 —2.4738 0.4481 —0 .003604 


® Based on data given in Table 1. 


given graphically in Fig. 4. The significance of being able to 
replace Equations [34] and [35] by the two simpler relations 
given will be discussed in the ‘Discussion and Results” section 
of the paper. 

It is of interest to compare the true wing shape at flutter with 
the shape implied by the approximate solution of the third section 
of the paper. The wing shape predicted by the approximate 
solution is described by Equations [5] and [6] together with 
Equations [23] to {26]. The constants entering into the last two 
of these equations are fixed in relation to each other by the 
homogeneous Equations [27] and [28]. If the motion is started 
as before, i.e., with unit bending deflection and zero bending 
velocity at the wing tip, the wing shape for the approximate 
solution is described by 


y. 


6 = Y,(z) cos (wt — 56°51’) ............ [6a] 
where the functions , and Y, are given graphically in Fig. 4. 
Comparison of Equations [34a] and [35a] with Equations 
[5a] and [6a] shows that the approximate solution predicts the 
phase relationship between the bending and torsional com- 
ponents of the motion almost exactly. Also, the spanwise dis- 
tribution of bending, as obtained by the approximate and exact 
methods, is in almost perfect agreement. The Rayleigh-Ritz 
type solution, however, introduces a slightly larger compo- 
nent of torsional displacement than does the solution by exact 
methods. 

The excellent accuracy with which the approximate solution 
predicts the wing shape at flutter accounts for the close agreement 
which exists between the true flutter speed and that calculated 
by the approximate method. , 

Further analysis of the findings of this section is deferred until 
later, under the heading ‘‘Discussion and Results.” 


. 


VIBRATION MopeEs IN Vacuo 


Aside from the conditions at flutter, several interesting prob- 
lems arise in connection with ground vibration testing, i.e., 
vibration of the structure in still air. Tests of this kind are per- 
formed to fix the frequencies and shapes of the predominant 
“ground modes.’”’ This information has various uses. Thus 
the ground modes can be used in Rayleigh-Ritz type flutter 
analyses, replacing the uncoupled modes of the third section of 
the paper (1, 12, 13). The ground modes can also be used to 
check the accuracy of uncoupled modes which have been derived 
by analytical methods. The latter modes are usually calculated 
during the design period of an aircraft, and an experimental check 
is always desirable. It will be shown in this section that the 
experimental ground modes and the calculated uncoupled modes 
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(Fs describes the true shape of the wing at flutter; ¥; is the as “ay displacement predicted by the approximate solution of the Ray- 
eigh-Ritz type. ; 


have several similar properties which can be used as cross 
checks.® 

It becomes of interest to relate the characteristics of the ground 
and uncoupled modes, to see what properties they have in com- 
mon. Since the effects of the air forces acting at zero reduced 
speed are small, it is permissible to treat both the uncoupled and 
ground modes as vibrations of the system in vacuo. It is recog- 
nized then that the ground modes closely resemble the normal 
modes for the wing structure. The properties of normal modes 
are well known, and in fact the findings of this section are largely 
restatements of several important theorems of classical dynamics. 

The exact solution for the flutter of a uniform wing reduces to 
the problem of vibration in vacuo if the air-force coefficients 
L,, L',, ..-, Me, M's are set equal to zero. By reference to 
Equations [44] to [47], with the air-force terms deleted, it can 
be shown that 


(69) 
Equations [34] and [35] are then reducible to the forms 
y = Y;(z) cos (wt + y’).............. [70] 
6 = cos (wt + [71] 
where the complete expressions for Y; and Y, are given by 


€ Methods are also available to ‘‘uncouple” ground modes, yielding 
modes which involve only bending or torsional displacements. These 
are useful in flutter analyses in the manner outlined in the third 
section. The ‘‘uncoupling’’ procedure is the inverse of the one used 
later in this section to combine uncoupled modes. 


Ys = + [73] 
r 


where 
r= 1.3.5 


It is to be noted that Equations [70] and [71] do describe a norma! 
oscillation, with all the wing components either in or directly 
out of phase. The solution allows three values of A,; one of 
these is found to be real, while the remaining two are imaginary. 

An outline of the exact solution to determine the normal modes 
of the uniform wing follows the ideas of the fourth section closely. 
Thus Equations [70] and [71] are substituted in the equations 
of motion. Y,and Y; are then taken in the exponential forms of 
Equations [40] and [42], resulting in a set of two homogeneous 
equations in the constants A and C. (These are the same as 
Equations [44] and [46], with the air-force terms omitted.) The 
determinantal equation arising from this homogeneous set fixes 
three values of \, for each chosen value of w. The complete 
forms for the Y functions are then given by Equations [72] and 
[73]. The boundary conditions for the Y; and Y3 functions are 
the same as those given by Equations [54] and [55]. These six 
homogeneous equations can be written in terms of only six con- 
stants of the type A,; for a valid solution it is necessary that the 
determinant A’ formed from the six equations be zero. Clearly, 
the determinant A’ and the determinant A of Equation [68] are 
related to each other. 

The natural frequencies and mode shapes of the first two norma! 
modes for the wing described in the fifth section have been 
determined. The schedule of computations followed the methods 
of that section: An arbitrary value of w was chosen; the corre- 
sponding values of \, and A’ were computed; A’ was then 
plotted versus w, as shown in Fig. 5. Each time the curve 
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crosses the A’ = 0 line, a normal mode is indicated. The mode 
frequency being fixed in this manner, Equations [70] to [73] can 
be used to describe the mode shapes. 

It is seen that the first two normal modes for the uniform wing 
have natural frequencies of 45 radians per sec and 89.7 radians 
persec. Plots of the functions Y;(x) and Y;(z) for the two modes 
are given in Figs. 6(a) and 6(b). The fundamental mode is 
predominantly bending, while the higher mode has a large torsion 
component. For this reason the bending component of the first 
mode is shown normalized at the wing tip; for the second mode, 
the torsion component is normalized. 

The normal mode frequencies 45 radians per sec and 89.7 
radians per sec are to be compared with the uncoupled frequency 
of 50 radians per sec for fundamental bending and 87 radians 
per sec for fundamental torsion. As noted in the captions of 
Figs. 6(a) and 6(b), the shapes of the normal and uncoupled 
modes bear striking resemblances to each other. Thus the 
bending component of the first normal mode has a spanwise dis- 
tribution which is almost identical with that of the first un- 
coupled bending mode; a similar agreement in shape exists be- 
tween the fundamental uncoupled torsion mode and the torsion 
component of the second normal mode. It is to be noted, how- 
ever, that the remaining components of the two normal modes 
have shapes which differ greatly from those of the two uncoupled 
modes. 

Suppose, now, that the two uncoupled bending and torsion 
modes are “‘coupled.’”’ The “coupled” frequencies which result 
from this combination can be found by solving Equation [29], 
with the air-force terms deleted. The coupled modes found in 
this way have natural frequencies of 49 radians per sec and 92.8 
radians per sec. The proximity of these values to the true 
normal mode frequencies is to be noted. Furthermore, it is 
clear from the previous discussion that differences in shape be- 
tween the coupled modes and the true modes for the wing will 
be minor. 
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(Each time A’ equals zero, a normal mode is indicated.) 


It is to be expected, then, for the uniform wing, that the true 
ground modes and the uncoupled modes can be used inter- 
changeably in flutter analyses of the Rayleigh-Ritz type. Also, 
comparison of calculated uncoupled modes with experimentally 
determined ground modes should show frequency and mode- 
shape checks. If a ground and an uncoupled mode have com- 
parable natural frequencies, their corresponding components of 
displacement should have spanwise distributions which are in 
good agreement with each other. 7 


Forcep OscILLATIONS IN FLIGHT 


Associated with the problem of determining the nature of the 
free wing oscillations at flutter is an analysis of the response of a 
wing when forced to oscillate while in flight. One experimental 
method for finding the flutter speed of a craft is to fly the airplane 
at gradually increasing speeds, at the same time noting the wing 
responses due to forced excitation over a range of frequencies 
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(14, 15). When the responses grow toward an infinite resonance 
point, the approach of the critical speed is indicated. In con- 
nection with this method it is of interest to compare the shape 
of a wing forced to oscillate with that of the flutter mode. 

Consider the forced vibration of a uniform cantilever wing 
near flutter. An outline of the solution to this problem will now 
be given, together with the results of a typical calculation for the 
wing described in the fourth section. To shorten the work, a 
simple, type excitation is assumed; a vertical force of the form 
F cos wt is applied to the wing tip at the elastic axis. The exten- 
sion of the methods to cover other types of excitations will be- 
come apparent from the discussion which follows. 

Clearly, for the forced-oscillation problem, the airplane speed 
V and the frequency of excitation w (and consequently the re- 
duced speed V/bw) are parameters which can be fixed at will; 
for practical reasons it is only necessary that the speed V be 
kept below the flutter speed. With this restriction, the free 
motion of the wing will always consist of convergent oscillations 
and attention need be given only to the response induced by the 
applied force. 

It is readily seen that Figs. 2(a) and 2(b) continue to be applica- 
ble to describe the forces and moments acting on a small spanwise 
element of length of the vibrating wing. The equations of motion 
for the wing then remain identical in form to Equations [32] and 
[33], so long as the changed significance of w and V is kept in 
mind. The wing shape can accordingly be described by forms 
similar to Equations [34] and [385], together with Equations 
[40] to [43], in which case the satisfaction of the homogeneous 
Equations [44] to [47] remains a necessity. 

The boundary conditions for the Y functions, however, require’ 
some alteration. In particular, for the excitation assumed, the 
transverse shearing force at the wing tip must be set equal to the 
vertical force applied at that station. The wing-tip bending 
moment must remain zero at all times; since the vertical force 
is applied at the elastic axis, the torsional moment at the wing 
tip must likewise be zero at all times. Setting the phase angle 
v in Equations [84] and [35] equal to zero, the boundary condi- 
tions for the Y functions become 


Y; = Yi! 


atz = 0, Y,=Y,! = Y,= Y,=0 [74] 


N= Y= Yi = YJ =0........ (75] 


atz = l, 
= —F/(El) 


The twelve simultaneous equations arising from conditions, 
Equations [74] and [75], together with the homogeneous Equa- 
tions [44] to [47], completely determine the response of the 
uniform wing to the excitation applied at the wing tip. 

To calculate the wing shape, the twelve values of A, and the 
corresponding ratios B,/A,, C,/A,,and D,/A,, are calculated from 
Equations [44] to [47]. The Y functions are then written in 
the forms Equations [61] to [64], and these are substituted in 
the boundary conditions, Equations [74] and [75 ]. Using trans- 
formations of the type Equation [67], these twelve simultaneous 
equations are solved for the constants a, b, c, and d. Equations 
(61] to [64] then describe the response of the wing to the applied 
excitation. It is to be noted that this response calculation is 
direct; it does not involve a trial-and-error procedure as did the 
finding of the flutter point. 

The response of the uniform wing described in the fourth 
section to a vertical force of the form F cos wt, applied to the wing 
tip at the elastic axis, has been calculated for the point 


- = 2.94; w = 64.5 radians per sec 
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The airplane speed corresponding to these values of reduced 
speed and frequency is 


V = 388 mph 


This speed is slightly below the flutter speed for the wing. 

The values of the four Y functions at several points along the 
span, calculated for a value of F equal to —EI,, are given in 
Table 3. A study of these data shows that the torsional de- 
flection of the wing has a shape similar to that observed for the 
flutter mode, but the bending deflection does not. In particular, 
the torsional deflection can be written as 


@ = Y,'(x) cos (wt — (76) 


but the bending deflection cannot be described other than in 
terms of two Y functions, displaced 90 deg in phase relative to each 
other. The shape of the function Y;’ is found to be the same as 
that of Ys, Fig. 4(b). 

For the flutter mode, the torsional motion was found to lag 
the bending deflection by a phase angle of 56°57’. In order to 
facilitate a comparison between the wing shape at flutter and the 
shape of the forced response calculated here, the forced response 
in bending is written in the form 


y = Y,'(z) cos (wt — 27°13’) + ¥2'(z) sin (wt — 27°13’). . [77] 


TABLE 3 VALUES OF Y FUNCTIONS AT SEVERAL POINTS 
ALONG SPAN FOR FORCED-VIBRATION CALCULATION 


0 0 0 0 0 

4 94.271 68.721 4.158 73.347 

8 329.520 234.226 10.058 140.996 
12 634.505 434.332 17.138 196.254 
16 942.413 606.611 23.186 232.580 
20 1195.445 694.646 25.005 245.006 
meee The magnitude of the applied force is arbitrarily set equal to 


The component Y,’ of the bending response thus leads the 
torsional motion by 56°57’; the second component Y’ lags }y' 
by an angle of 33°03’. 

The functions Y;’, Ys’, and Y;’ are shown graphically in Fig. 7. 
The magnitude of the wing response has been arbitrarily reduced 
so that the forced torsional response is of the same magnitude as 
the torsional motion at flutter shown in Fig. 4(6). If the forced 
bending response agreed with the bending motion at flutter, 
Fig. 4(a) and Fig. 7(a) should be identical. Although the two 
figures do not exactly correspond, it is seen that differences 
between them are not extreme. 

It appears that in general the shape of the forced response 
agrees well with the motion at flutter. Minor differences are 
present in the bending shapes which are largely restricted to 
the region near the applied force. 

In conclusion, it is to be noted that the applied force is out of 
phase with the bending component Y,’ by a lagging phase angle 
of 152°47’. 

Discussion AND RESULTS 


The most interesting aspect of the present paper is the pres- 
entation of an exact method for finding the flutter speed of 8 
cantilever wing, of rectangular plan form, with uniform mass 
and stiffness characteristics along its span. With the exact 
solution known, it is possible to determine the extent of the error 
in the calculated flutter speed introduced by the use of the con- 
ventional methods for flutter analysis. In addition, considerable 
insight to the flutter phenomenon is gained by following the 
details of the exact mathematical development. 

From the aerodynamic point of view, the solution presented in 
the third section of the paper is in need of further refinement. 
Thus in writing the air forces, Equations [15] and [16], it has 
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(The shape of Ys’ does not differ appreciably from that of ¥s, Fig. 4(0). 


The intensity of the forced excitation has been adjusted so that Vr’ and Ys have 


equal magnitudes.) 


. been assumed that the fluid is incompressible and that two- 


dimensional flow conditions exist at each wing station. Actually, 
air is a compressible fluid and the aerodynamic wing loading is 
somewhat modified by the effects of induced downwash. These 
considerations have been omitted from the present analysis, since 
their introduction causes the solution to the dynamic problem to 
become of extreme complexity and hardly tractable. Investi- 
gation of these effects by others have shown that they influence 
the flutter speed of the wing described in the fourth section to 
only a minor extent. 

Certain details of the exact solution presented in the third 
section are of particular interest. For example, the general 
nature of the forms taken to describe the wing shape at flutter, 
Equations [34] and [35], should be noted. The wing bending 
is written in terms of two ¥ functions, which are dependent only 
upon the spanwise co-ordinate x, and which are 90 deg out of phase 
with respect to each other. Since the two Y functions are not 
necessarily of the same form, allowance is made for the existence 
of a “traveling wave” in the wing-bending shape at flutter. 
Thus all stations must not necessarily pass through a zero bend- 
ing deflection at the same instant, as is assumed in the conven- 
tional methods of flutter analysis. Similar remarks apply to 
Equation [35] which describes the torsional displacement of the 
wing. 

The results of the calculations of the fourth section indicate 
that this general treatment of the wing shape is unnecessary. It 
is shown that, to a very excellent approximation, the wing shape 
can be described by a bending mode, with each station moving 
sinusoidally in phase with every other station, together with a 
similar torsion mode. The bending and torsion modes are dis- 
placed relative to each other by a phase angle whose magnitude 
is dependent on the characteristics of the wing being studied. 

A further enlightening point is brought out by the calculations 
of the fourth section. It appears that the bending shape of the 


wing at flutter is practically identical with the shape of the funda- 
mental uncoupled bending mode of the wing when vibrating in 
vacuo, Fig. 4(a). Also, the torsion mode at flutter, Fig. 4(5), 
does not differ appreciably in shape from that of the fundamental 
uncoupled wing torsion mode. 

In view of these findings, it is not surprising to discover that 
the results of a Rayleigh-Ritz type flutter solution, based on 
the fundamental bending and torsion uncoupled modes for the 
wing, agree well with the results of the exact solution. In par- 
ticular, comparing the flutter speeds and wing shapes as cal- 
culated by the methods of the third and fourth sections, it is 
found that: 

1 The flutter speed calculated by the approximate method is 
in close agreement with the true value. 

2 The bending shape of the wing at flutter is the same when 
determined by the two methods. For equal bending deflections 
the Rayleigh-Ritz type solution introduces slightly greater 
torsional deformation than does the exact solution. 

3 The approximate solution predicts the phase angle between 
the bending and torsional motions at flutter to a high degree of 
accuracy. 

It is apparent from these results that a Rayleigh-Ritz type 
solution based on the fundamental uncoupled wing modes 
is entirely adequate for the flutter analysis of a uniform canti- 
lever wing. Since Rayleigh-Ritz procedures apply with equal 
facility to wings of nonuniform character, it is probable that the 
accuracy of such approximate methods does not suffer appreciably 
as the restriction of uniformity of the wing structure is relaxed. 

The relation between the uncoupled modes and the normal 
modes for the uniform wing is discussed in the sixth section. It 
has already been mentioned that the characteristics of the normal 
modes, which are excited during free vibrations of the wing in 
vacuo, do not differ materially from those of the predominant 
modes observed during ground vibration tests. It is further 
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shown in the same section that for the uniform wing studied, 
the bending component of the first normal mode has a shape which 
is identical with that of the fundamental uncoupled bending 
mode, Fig. 6(a), while a similar agreement exists between the 
shape of the fundamental uncoupled torsion mode and the torsion 
component of the second normal mode, Fig. 6(b). The remaining 
bending and torsion components in the first two normal modes 
are of unimportant magnitude. : 

On this basis it may be concluded that the ground modes and 
the uncoupled modes can be used interchangeably in flutter analy- 
ses of the Rayleigh-Ritz type. Furthermore, the remarks of the 
preceding paragraph show that it should be possible’to check the 
shapes of calculated uncoupled modes by comparing them with 
the proper components of experimentally determined ground 
modes. It is also shown in the sixth section that the natural 
frequencies for the two sets of modes should be in approximate 
agreement. 

The method for determining the wing response due to forced 
excitation is outlined in the seventh section. The results of a 
typical response calculation are given, for the case where the 
excitation consists of a vertical force, of sinusoidally varying 
magnitude, applied to the wing tip at the elastic axis. The 
airplane speed and the frequency of excitation are taken at values 
slightly below those at flutter. It is found that for this case of 
forced excitation near flutter the shape of the induced response 
agrees fairly well with the wing shape at flutter. The differences 
in shape which do appear are restricted largely to the spanwise 
region near the point of application of the vertical force. 
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Appendix 


SoLuTion oF THE RayLerGH-Rirz Equations oF Morion 
AND [20] WrrHout INTRODUCTION OF COMPLEX ForMsS 
The solutions for yo and 4 are taken in real form as follows 


yo = A cos ut.+ B sin wt...... [78] 


= C cos wt + Dsin wt.............. {79 | 


where A, B, C, and D are constants. These expressions are sub- 
stituted in the equations of motion, Equations [19] and [20], 
the terms in each equation with sin wt and cos wt affixed are 
separated, and the sets of terms are individually equated to zero. 
After some manipulation the following equations are obtained’ 


Ly, A — L’, B — 0.673 Ly, C — 0.673L'9 D = 0...... [80] 
L’,A + + 0.673 L's C — 0.6731. D =0...... [S81 
—M., A — M',B + 0.772 Mz C — 0.772M'9D = 0... [82] 
M’',A — MunB + 0.772M'sC + 0.772Mx2D = 0.. [83] 


It is seen that the nontrivial solutions, Equations [78] and 
[79], are possible only if the determinant formed by the coefli- 
cients of A, B, C, D in Equations [80] to [83] vanishes. Expand- 
ing this determinant by minors, it can be shown that it is identica! 
with the expression 


(Ar — As)* + (As 


The form [84] can now be factored and equated to zero, giving 
as the stability condition 


[( — Az) + Ag + Ag) Ai — As) As + Ay)] = 0.. [85] 


The vanishing of the left-hand bracket is clearly identical with 
the stability condition [29]. Since, at flutter, (A; — Ag) and 
(As; + A,4) must vanish simultaneously, it is evident that no 
additional flutter points are introduced by the presence of the 
right-hand bracket in Equation [85]. It is seen from this that 
the present method of solution is equivalent in every respect to thie 
solution outlined in the third section of the paper. 

It is important to note that the determinant [84] is an un- 
symmetric one, showing that the flutter problem and those of 
classical dynamics, for the free vibration of elastic systems in 
vacuo, are not similar. A brief discussion of systems governed 
by an unsymmetric stability determinant is given by Routh (7). 
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7 Notation for this discussion is carried over from the third section. 
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A Graphical Method for the Evaluation of 


Principal Strains From Normal Strains 


By GLENN MURPHY,' AMES, IOWA 


Graphical methods are available for determining prin- 
cipal strains when observed strains are measured along 
gage lines which make angles of 45 deg or 60 deg with 
each other. In this paper the author presents a simplified 
graphical method for the general case in which angles be- 
tween the gage lines may have any arbitrary values. 


INCE the evaluation of stresses from strains measured on a 
S set of three or more gage lines at a point has become an 

established procedure, rapid and accurate techniques for 
processing the data are essential. Analytical procedures have 
been developed for converting the measured strains to principal 
strains and subsequently to principal stresses (1, 2). Several 
graphical methods (2, 3, 4, 5), are available for the determination 
of the principal strains when the observed strains are measured 
along gage lines which make angles of 45 deg or 60 deg with each 
other, and general graphical methods have been devised by both 
Westergaard and Hansen (6). This paper presents a simplified 
graphical method for the general case in which the angles be- 
tween the gage lines may have any arbitrary values. 


CONSTRUCTION 


The strains, 4, €2, and «; are assumed to be measured along 
gage lines oriented with respect to each other as shown in Fig. 1 
(a). From an origin 0 lay off the three strains as 0-1, 0-2, and 
0-3, respectively. Tensile strains are laid off to the right, and 
compressive strains to the left of 0. Draw the lines 0-0’, 1-1’, 2-2’, 
and 3-3’ through points 0, 1, 2, and 3 perpendicular to 0-1, as 
shown in Fig. 1(6).. From an arbitrary point D on the line 2-2’ 
lay off lines making angles of a and 8 with 2-2’ to intersect 1-1’ 
and 3-3’ in points A and C, respectively. The intersection of the 
perpendicular bisectors of A-D and C-D determines a point F. 
With F as a center, construct a circle having a radius FA = FD. 
This is the Mohr circle for strains. The intersection of a hori- 
zontal line through the center F', with the line 0-0’ locates 0”, the 
new origin for the Mohr circle, and the intersection of the circle 
with 0” F locates points G and H. 


RESULTS 


The two principal strains are equal to 0"G and 0’H. The 
angle 6, which gage line 1 makes with the direction of the princi- 
pal strain is the angle GHA or one half of the angle GFA. 


oan of Theoretical and Applied Mechanics, Iowa State 
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? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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The maximum shearing strain is equal to GH, the diameter of 
the circle. 
The magnitudes of the principal stresses may be determined 

algebraically as 
E 


S, = _ Me,) 


S, = + 
in which 
S,, S, are the principal stresses 
€4, € are the principal strains 
E is the modulus of elasticity 


u is Poisson’s ratio 


PrRoor 


Locate point B as the intersection of the circle and the line 2-2’. 
Since the are AB in the circle, Fig. 1(6), is common to both tri- 
angles ADB and AFB with point F at the center and D on the 
circle, the angle AFB is equal to 2 a. Similarly the angle BFC 
is equal to 2 8. 

Each of the strains may be expressed in terms of the principal 
strains ¢, and e, and the angle 6 between the direction of the prin- 
cipal strain and the measured strain as 


+ & 
2 2 


From the construction it is evident that 


= fu + & 
2 
FA = wer ag = radius of circle 


The horizontal projection of the radius FA on the diameter is 


€,) 


Therefore 
= 0’F + Fl = 071 


which checks the original construction. 


Similarly 
& +4 
a= cos 2 (8 + a) 
= + F2 = 0'2 
and 
= 005 20 + + 8) 


= 0O’F + F3 = 0°3 
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€, 
€, 
(a) “ 
H 
0 


(b) 


Fia. 1 


The diameter of the circle is GH 
GH = 

However, the maximum shearing strain is equal to the differ- 
ence of the principal strains; hence the diameter of the circle is 
equal to the maximum shearing strain. 
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A Graphic Resolution of Strain 


By N. J. HOFF,! BROOKLYN, N. Y. 


A purely graphic procedure is developed for the resolu- 
tion of strain data obtained from measurements by strain 
rosettes of any shape. The characteristic features of the 
procedure are: (a) The diagram is constructed directly 
from the measured data, without necessitating even addi- 
tion; (6) strains are represented by distances measured 
in the true directions; (ce) the true directions of principal 
strain are shown; (d) the true sense of rotation of straight 
linesis shown. The development of the procedure affords 
a purely geometric proof of the representation of the state 
of two-dimensional strain by Mohr’s circle. 


INTRODUCTION 


\ ‘ J ITH the increasing use of metalectric strain gages the 
number of methods suggested for the resolution of 
strains measured has also increased rather rapidly. 
Trigonometric formulas, graphic methods, and electronic and 
mechanical devices have been suggested by various authors (1).? 
Of these the electronic instruments appear to be the most advan- 
tageous when a great number of calculations have to be carried 
out, but they have the drawback of being expensive. Graphic 
methods are convenient when the amount of work does not war- 
rant the expense involved in purchasing or building an electronic 
instrument. The graphical method herein presented can be used 
with strain rosettes of any shape. It has the following character- 
istics: (a) It is constructed directly from the measured data, 
without necessitating even addition; (6) strains are represented 
by distances measured in the true directions; (c) the true direc- 
tions of principal strain are shown; (d) the true sense of rotation 
of straight lines is shown. 


DisTorTED SHAPE OF STRAIN ROSETTE 


In the evaluation of strain data obtained by means of rosettes, 
it must be assumed that the strains are sensibly constant over the 
area to which the rosette is cemented. When this assumption 
is not justified strain rosettes cannot be used. Consequently, it 
is permissible to consider the strains measured as if they prevailed 
at the same point. This assumption underlies every method of 
resolution. 

In a sufficiently small neighborhood of any point the strain is 
sensibly homogeneous, from which it follows that straight lines 
drawn on the surface of the unloaded body remain straight when 
deformations take place because of the application of the loads 
(2). Thus in Fig. 1 the sides of the triangle ABC, representing 
the three elements of an equilateral strain rosette, must remain 
straight after the loads are applied to the body to which the ros- 
ette is cemented. The distorted shape of the triangle is there- 
fore completely determined and can be constructed when the 
changes in the length of the sides are known from electric measure- 
ment. In the figure these changes are all taken as elongations. 


* Associate Professor of Aeronautical Engineering, Polytechnic 
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cepted until one month after final publication of the paper itself in 
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Fig. 1 Disrortep SHAPE OF EQUILATERAL TRIANGLE 


The elongations of sides AB, AC, and BC are assumed to be in 
the proportion 8:8:3. 

Since rigid-body displacements have no effect upon the strains, 
it is permissible to assume that one of the apexes, say, A, is not dis- 
placed, and one of the sides, say, AB, is not rotated. Then the new 
location of point B can be easily found by extending line AB 
corresponding to the measured elongation BB’’’. The new length 
of AC is AC’, and the new length of BC is B’’’B’’. This latter 
is drawn from B’’’, the new location of B, parallel to the original 
side BC. Points B’’ and C’’ do not coincide now, although both 
should represent the new position of point C. If ares of circles are 
drawn from point A with the radius AC’’, and from point B’’’ 
with the radius B’’’B’’, the intersection point C’ of the two ares 
is the new location of point C. 

The distorted shape of the equilateral strain rosette is there- 
fore the triangle AB’’’C’. In reality, however, the elongations 
are so small as compared with the original length of the side of 
the rosette, that points C, B’, B’’, C’, and C’”’ all would coincide 
if Fig. 1 were drawn to scale. This difficulty can be overcome by 
drawing only the small quantities representing displacements and 
omitting entirely the large quantities representing the original 
distances. 


CoNsTRUCTION OF DISTORTED SHAPE 


The state of strain is fully characterized by the diagram in Fig. 
2, in which the polygon A’B’B’’C’C”’ is identical with the poly- 
gon CB’B’’C’'C”’ in Fig. 1, except that the original ares of circles 
C’C”’ and C’B”’ are replaced by straight lines perpendicular to 
the displacements A’C’’ and B’B”, respectively. Since, how- 
ever, the lengths of these arcs are of the order of magnitude of a 
strain, while the length of the radii (namely, AC’’ and B’’B’’’) is 


_ about 1 in., the difference between the are and the straight line is 


negligibly small. Consequently, the following rules can be set 
forth for the construction of the diagram: 

Lay off from pole A’ to the right (parallel to AB) the elongation 
AL 4p of the side AB. Draw from B’ a line parallel to BC, lay off 
on it the distance ALgc, and draw the perpendicular at the end 
point. Similarly, lay off from A’ up to the right, parallel to AC, 
the elongation AL 4c and draw the perpendicular at this point. 
The intersection of the two perpendiculars is point C’. 

The displacement of B from its original position is given by the 
directed line segment A’B’, that of C from its original position 
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Fig. 2) DispLaceEMENT DIAGRAM 

by the directed line segment A’C’. The displacement of any point 
P on side AC (see Fig. 1) is A’P’ (see Fig. 2), where A’P’ = 
(A’C’)(AP)/(AC). Similar rules hold for the displacement of 
points situated on sides AB and BC. 

When the strain measured is compressive, the line segment 
must be laid off in a sense opposed to that shown in the figures. 
It is convenient to consider the length of the sides of the equilat- 
eral triangle ABC to be 1 in. so that the elongations are numeri- 
cally equal to the strains measured. 


DETERMINATION OF NORMAL STRAIN IN AN ARBITRARY DIRECTION 


In Fig. 3 the state of strain is characterized by the triangle 
A’B'C’ which was constructed according to the rules just given. 
(The auxiliary lines of construction are not shown in the figure.) 
Consequently, the distance A’B’ is the strain in side AB drawn 
to some convenient scale. On this diagram is superimposed the 
nondistorted shape of the equilateral triangle ABC drawn to such 
ascale that AB = A’B’. 

It is required that the normal strain prevailing in direction 
CD be found. 

The displacement of point D is given by A’D since D lies on 
A’B’. The displacement of C is A’C’. Hence the relative dis- 
placement of point C with respect to point D is DC’. The com- 
ponent of this relative displacement in the direction of CD can be 
obtained by dropping the perpendicular C’E from C’ toCD. The 
normal strain sought is the displacement component DE divided 
by the original length of the line CD. If now a horizontal is 
drawn from point £ until it intersects line AC, obviously (AE’): 
(AC) is equal to (DE):(CD). On the other hand, side AC was 
assumed to have had an original length of 1 in. Hence, AE’ is 
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the strain sought. It is positive (tension) if 2’ lies above A’ as 
is the case in the figure. 

The rule for the determination of the normal strain in an ar- 
bitrary direction CD is therefore as follows: Drop a perpendic- 
ular to CD from point C’, and draw a horizontal from the inter- 
section point #’ until it crosses AC. The distance of the in- 
tersection point E’ from A’ is the strain sought. 

An alternate solution can be found if it is observed that the 
locus of all the intersection points # is the circle whose diameter 
is CC’. If this cirele is drawn in the diagram, the normal strain 
in direction CD ean be found by drawing line CD and projecting 
its intersection point EF with the cirele horizontally upon AC. 


PRINCIPAL STRAINS 


The maximum and the minimum normal strains are known as 
the principal strains. They correspond to the two points of the 
cirele whose tangents are horizontal, that is, to the end points of 
the vertical diameter of the circle. The directions and magnitudes 
of the principal strains are indicated in Fig. 4. 


A DIRECTION OF 
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ROTATION OF A STRAIGHT LINE 


It is required that the angle of rotation of line DCE in Fig. 
5(a) be determined. The displacement of point D from its origi- 
nal position is represented by the directed line segment A’D, 
that of point C from its original position by A’C’. The relative 
displacement of C with respect to D is DC’. This relative dis- 
placement can be resolved into a component in the direction of 
DCE and one perpendicular to DCE, The latter is represented 
by the directed segment EC’ obtained by dropping a perpendicu- 
lar from C’ to DCE. Because of known properties of triangles 
inscribed in a circle, point £ is the intersection point of DCE with 
the circle. The angle of rotation is therefore equal to the dis- 
placement EC’ divided by the original length DC. This division 
may be carried out by laying off distance CE’ equal to EC’ from 
C along DCE and drawing the horizontal £’E”’ until it intersects 
side AC. The distance CE”’ is the angle of rotation of line DCE 
in radians. Its sense is clockwise, since the rotation took place 
from DE to DC’. 

An alternate solution is given in Fig. 5(b). Line ss is drawn 
perpendicular to side AC and is denoted as the ‘shear axis.” 
Perpendiculars to line CE are erected at C and E and their points 
of intersection with the circle are connected by line C’F thus form- 
ing an inscribed rectangle CEC’F. Therefore, CF equals C’E. 
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HOFF—A GRAPHIC RESOLUTION OF STRAIN 


If a vertical is drawn from F until it intersects the shear axis at 
point F’’, the triangle CFF’ is identical with triangle CE’E”’ in 
Fig. 5(a). Consequently CF’ is the angle sought. This second 
method of solution is particularly advantageous when the shear 
strain corresponding to two mutually perpendicular directions 
has to be determined. 

It should be remembered that the angle of rotation constructed 
was based on the assumption that the direction of side AB of 
the equilateral triangle was held fixed. 
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Tue SHEAR STRAIN 


The shear strain can be defined as the change of the angle sub- 
tended by two straight lines that were perpendicular before def- 
ormations. It is therefore the difference between the angles of 
rotation of the two perpendicular lines. 

In Fig. 6 the shear strain corresponding to the mutually per- 
pendicular directions dd and ee is constructed, using the solution 
presented in Fig. 5(b). Line dd rotates clockwise and its angle 
of rotation is CD’ in radians. Line EE also rotates clockwise but 
through an angle CE’ radians. The difference in the angle of ro- 
tation is D’E’ which is thus equal to the shear strain y. The 
original right angle ECD is increased by this amount. 

It follows from these rules of construction that the shear 
strain corresponding to the horizontal and vertical directions is 
equal to the distance from C to the intersection of a vertical 
through C’ with the shear axis ss. 


SuGcGEstions For Practica Use or STRAIN DIAGRAM 


It is generally convenient to designate by AB the side of the 


Fic. 6 SHEAR STRAIN 


equilateral strain rosette in which the strain measured has the 
greatest value numerically; to consider this greatest strain as 
positive, and designate correspondingly tensile or compressive 
strains as positive; and to use paper provided with equidistant 
vertical, horizontal, 30-deg, and 60-deg lines. A numerical ex- 
ample which will illustrate these principles follows: 

It is assumed that the three strains measured in the sides of 
an equilateral strain rosette are, in order: 0.0002 compression, 
0.0008 compression, and 0.0001 tension. It is required that the 
maximum strain and its direction be determined. Compressive 
strains will be designated as positive, and direction AB will be 
taken to correspond to the compressive strain of 0.0008 in. per 
in. Fig. 7 shows the solution. 

First A’B’ = 0.0008 is laid off and the equilateral triangle 
ABC is drawn. B’B'’ = —0).0001 is laid off downward to the 
right, A’C’’ = 0.0002 upward to the right, corresponding to the 
present sign convention. The intersection C’ of the perpendiculars 
is found and connected with C. The circle over the diameter CC’ 
is drawn, and the upper end point P of the vertical diameter is 
projected horizontally on side AC. The direction of the maxi- 
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mum strain is CP, its magnitude A’P’ = 0.00083 in. per in., its 
sense compressive. 


OTHER Types OF STRAIN ROSETTES 


The principles discussed apply equally well to any other com- 
bination of strain gages into a rosette. It must be remembered, 
however, that distances in the strain diagram represent basically 
displacements, and not strains. 

Fig. 8 presents the construction in the case of a rectangular 
strain rosette. It is assumed that in side AB a strain of 0.0004 in. 
per in. was measured, while the strain in sides BC and AC was 
found te be 0.000128 in. per in., and 0.00025 in. per in., respec- 
tively. All three strains are assumed to be tensile, and the length 
of sides AB and AC is taken as 1 in. The elongation 0.0004 in. 
is laid out horizontally according to a convenient scale. With 
AB = A’B’ the nondistorted shape ABC of the rosette is drawn. 
The elongation 0.00025 in. is measured vertically upward from 
A’ and the perpendicular is drawn from C’’, In this case, of 
course, the perpendicular is horizontal. Since the strain in the 
hypotenuse BC is 0.000128 in. per in., while the original length 
of the hypotenuse was +/2 in., the elongation is /2 X 0.000128 
= 0.000181 in. This distance is laid off from B’ toward C, and 
the perpendicular is erected at point B’’. The intersection of the 
two perpendiculars is C’ which represents the location of C after 
distortions. 

A convenient manner of laying off 4/2 times the strain in the 
hypotenuse is to measure the strain itself vertically along side 
AC and to project the point thus obtained horizontally over to 
the hypotenuse. This construction is not shown in Fig. 8. 

It is shown in the figure how the normal and shear strains cor- 
responding to lines dd and ee can be determined. The intersec- 
tion points P and Q of the two lines with the circle whose diameter 
is CC’ are projected horizontally in order to obtain the normal 
strains. A’P’ is the normal strain eg along line dd, and A’Q’ the 
normal strain ¢, along line ee. The values are 0.000147 and 
0.000506, respectively. The shear axis ss is now horizontal. 
The shear strain + is the difference between the projections CQ’’ 
and CP” of CQ and CP, respectively, upon ss. In the present 
example y = 0.000226 radian. 


FurtTHER APPLICATIONS OF DIAGRAM 


The same construction can be used for any other set of quanti- 
ties obeying the same rules of transformation. For instance, the 
resolution of stresses and of moments of inertia may be carried 
out according to the graphical procedure presented here. Of par- 
ticular interest is the graphical representation of stress and strain 
in the same diagram as shown in Fig. 9. The state of strain is the 
same as in Fig. 8. The two principal strains e, and e are found 
and the two principal stresses o; and o2 calculated from the known 
relationship 


[E/(1 — + mes) 
[E/(1 —n*)]le + val] 


02 


With an isotropic material the directions of principal stress 
and principal strain are identical. A vertical is found that gives 
a distance DD’ between the principal directions equal to o,; — 
a2 according to some convenient scale. The circle drawn through 
points D, D’, and C is the stress circle. A horizontal “‘stress base 
line’”’ is drawn such that the distance of D from it is o; according 
to the scale used. 

The stress circle can be used in the same manner as the strain 
circle. The distance from A* of the normal projection upon the 
vertical AC of the intersection of any straight line through C 
with the stress circle is the normal stress corresponding to the di- 
rection of the straight line. If two mutually perpendicular d- 
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rections are drawn through C, and their intersection points with 
the stress circle are projected vertically upon the horizontal A’B’ 
(or upon any other horizontal), the distance between the projec- 
tions is equal to twice the shear stress corresponding to the two di- 
rections. 


In the example, Fig. 9, « = 0.000537 and e = 0.000113. 
Calculation, or an equivalent graphical construction gives 


o, = [E/(1 — u*)} X 0.000571 psi 
o, = [E/(1 — X 0.000274 psi 
Fig. 9 is drawn in such a manner that the distances represent the 


numerical part of the foregoing expressions for stress drawn to 
the same scale as the strains. 


ALTERNATE METHOD FOR CONSTRUCTION OF DIAGRAM 


If the normal strain is known from measurement in three di- 
rections, the strain circle may also be drawn according to an al- 
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ternate procedure which is shown in Fig. 10. The numerical val- 
ues used are those given in connection with Fig. 8. Horizontals 
are drawn at distances from a base line equal to the three strains 
measured, Point C is chosen on the horizontal corresponding to 
the strain in the horizontal direction and straight lines are drawn 
through C parallel to the remaining two directions of the strain 
rosette, namely, vertically and at 45 deg. Since the intersection 
points of these straight lines with the corresponding horizontals 
must lie on the circle of strain, three points, namely, C, D, and E, 
of the circle are known. The center can now be found without 
difficulty. In Fig. 10 the perpendicular to CE through the mid- 
point of CE, and the perpendicular to CD through the mid-point 
of CD were erected. The center of the circle is the intersection 
point of the two perpendiculars. 

In Fig. 11 the strain circle of the example given in Fig. 7 is 
constructed by the alternate method. The procedure is the same 
as in the case of Fig. 10, except that the directions are now hori- 


lic. 10 ALTERNATE METHOD OF CONSTRUCTION OF STRAIN CIRCLE 
(Rectangular strain rosette.) 


zontal, 60 deg, and 120 deg. Again C lies on the horizontal cor- 
responding to the strain in the horizontal direction. The small 
triangles in Figs. 10 and 11 indicate the directions and magni- 
tudes of the strains measured. 

The circle may, of course, be specified by data of a different 
nature. For instance, the normal and shear stresses may be 
known corresponding to two mutually perpendicular directions. 
Fig. 12 shows the construction when o; = 30,000 psi, ¢2 = 10,000 
psi, and r = 12,000 psi; o; acts in the horizontal, a2 in the verti- 
cal direction. From the horizontal base line through A, o; and o2 
are laid off vertically to a convenient scale. The distance CE is 
equal to 2r = 24,000 psi. The center of the circle through points 
C, D, and E is constructed and the stress circle is drawn. 


IDENTITY OF Crrc_es OF ProcepurE Mour’s CrrcLes 


It is easily verified that the stress and strain circles in Figs. 8 to 
12, inclusive, are identical with Mohr’s circles (3). For instance, 
the strain circle in Fig. 9 can be constructed in the following 
manner: The principal strains «, and ¢2 are laid off from an origin 
along a horizontal base line to the right. The circle is then drawn 
through the two points corresponding to « and ¢ the center of 
which is the mid-point of the straight-line segment connecting the 
two points. This circle is obviously Mohr’s circle. The hori- 
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Fig. 11 ALtrernate Meruop or ConstTRucTION OF STRAIN CIRCLE 
(Equilateral strain rosette.) 
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Fig. 12 ALTERNATE METHOD oF CONSTRUCTION OF STRESS CIRCLE 


zontal distance of any point on the circle from a vertical through 
the origin is the normal strain, and the vertical distance of the 
point from the horizontal base line is one half the shear strain cor- 
responding to the point. If in Fig. 9 the vertical through O is 
extended until it crosses AB, and the figure is rotated clockwise 
through a right angle, a figure identical with the Mohr circle just 
described is obtained. After the rotation the extended vertical 
through O becomes the horizontal base line, and its intersection 
with AB, the origin. 

If the intersection points of lines CD’ and CB with the strain 
circle in Fig. 9 are connected with O, the central angle subtended 
by the two connecting lines is twice the inscribed angle BCD’. 
This construction shows how the true (inscribed) angles of this 
procedure are related to the double (central) angle of the Mohr 
circle. 

In the case of Fig. 12, not only the final diagram but even its 
method of construction resembles closely the known construction 
of the Mohr circle. The circles drawn in connection with the 
equilateral strain rosette are also Mohr’s circles, except that their 
diameter is equal to cos 60 deg X the diameter of the regular 
Mohr circle. 

It can be stated, therefore, that the procedure of strain resolu- 
tion described herein affords a purely geometric proof of the 
two-dimensional state of strain by Mohr’s circle. 
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Tension Tests at Constant True Strain Rates 


By C. W. MACGREGOR,! anv J. C. FISHER,? CAMBRIDGE, MASS. 


Tension tests of the true stress-strain type are reported 
for which the true strain rate is maintained constant 
throughout each test. Several metals are investigated 
under testing temperatures ranging from —183 C to 665 C. 
The influence of temperature and strain velocity on the 
true stress-strain properties is described. A single variable 
called the velocity-modified temperature is used to repre- 
sent the combined influences of true strain rate and testing 
temperature. 


HE influence of both the temperature and the speed of 

testing on material properties has been the subject of nu- 

merous investigations (1-19).3 From some of these studies 
it became apparent that there might be a parallel, at least quali- 
tatively, between the effect of increasing the testing temperature 
on the one hand and the effect of decreasing the testing speed on 
the other. 

Carpenter and Robertson (19) have discussed this parallel 
between strength-versus-temperature and strength-versus-speed 
curves. Fig. 1 shows qualitatively, according to Carpenter and 
Robertson, the effect of changing the temperature, the speed, or 
both upon the strength of a steel possessing blue-brittleness char- 
acteristics. If for a certain temperature and speed of testing a 
strength is obtained corresponding to point B on this curve, then 
the strength corresponding to point A might be obtained either 
by increasing the testing speed or by decreasing the temperature, 
or by a combination of both. Similarly, the strength correspond- 
ing to point C might be obtained either by increasing the tempera- 
ture, decreasing the speed, or by a suitable combination of both. 

The curve of Carpenter and Robertson, shown in Fig. 1, is not 
quantitative and in order to make it so, and thereby represent the 
effects of speed and temperature on strength in a single curve, it is 
necessary to have a parameter which will reflect the influence of 
both variables. Following a line of reasoning similar to that 
used by Dushman and Langmuir (20) for solid-metal diffusion, 
Eyring (21), Kanter (22), and Kauzman (23) have suggested ex- 
ponential relations between stress, velocity, and temperature in 
connection with the creep problem. Zener and Hollomon (17), 
in order to represent the effects of velocity and temperature on 
strength for short-time tests, recently have used a similar expres- 
sion for a limited region of Fig. 1. 

One of the objects of the present study was to investigate, 
under conditions of controlled strain rate and temperature, the 
parallel between the effects of these two variables and if possible 
to find a parameter reflecting the influence of both, for the quanti- 
tative construction of curves of the type shown in Fig. 1. 
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BLUE- BRITTLE 
RANGE 


STRENGTH 


INCREASING TEMPERATURE 

INCREASING VELOCITY 
Fig. 1 Quauirative Errect oF CHANGES IN TEMPERATURE OR 
VELOCITY FOR A STEEL With BuiveE BRITTLENESS CHARACTERISTICS 


(According to Carpenter and Robertson, Bibliography ref. 19.) 


Most of the previous investigations in the field, with a few ex- 
ceptions, have been devoted to a study of the influence of tem- 
perature and speed of testing on the ordinary stress-strain prop- 
erties as contrasted to the true stress-strain properties (26-31). 
In addition an over-all rate of strain between the heads of the 
testing machine or over a standard gage length has usually been 
employed where rates of strain were measured. The investiga- 
tion described herein departs from conventional procedure in two 
important respects; (a) true-stress and true-strain values are 
reported instead of ordinary values; (b) the true strain rate at the 
minimum diameter of the tension test bar was maintained at a 
constant value during each test, eliminating the effects of strain- 
rate variations along the axis of the bar particularly during the 
necking-down process. 

Another principal object of the present study was to show how 
the true stress-strain curve is affected by maintaining a constant 
true strain rate. In order to accomplish this as well as to study the 
parallel between the effects of temperature and velocity, true 
stress-strain tension tests were made for various materials at 
different temperatures and testing speeds. 

A list of the materials investigated, together with their heat- 
treatments, is given in Table 1. The temperatures and testing 
speeds employed are included in Table 2. The testing speeds 
chosen were moderate, being those available on the usual com- 
mercial testing machine. 


TESTING PROCEDURE 


In the past, strain rate has generally been measured by divid- 
ing the rate of head motion by the initial gage length of the speci- 
men. This definition is not very satisfactory, for not only does 
the gage length change as the specimen deforms but when local 
necking begins, the rate of deformation in the material at the neck 
increases considerably, unless the rate of head motion is corre- 
spondingly decreased. If the rate of head motion is constant it is 
not true that the strain rate is also constant. 

These difficulties are overcome in the true stress-strain tension 
test (26-31). In this test the true strain, or true reduction of area, 
¢ = q’ = loge(Ao/A) is determined at the smallest diameter of the 
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TABLE 1 MATERIALS AND HEAT-TREAT MENTS 


Material Condition and heat-treatment 
Hot-rolled */«-in. round, annealed 1 hr at 1650 
F and furnace-cooled 
8.A.E. 1045 steel............ Hot-rolled /s-in. round, annealed 1 hr at 1450 
F and furnace-cooled 
Ee eee te (Cu 61.6 per cent, Zn 35.3 per cent, Pb 3.17 


per cent, Sn trace) cold-rolled #/s-in. round 
annealed 1 hr at 800 F and furnace-cooled 


TABLE 2 SUMMARY OF TESTING CONDITIONS 


True strain rate (sec ~!) — 
500 X 1076 10 20x 107% 5 X 1075 
—70 1,3 1,3 1, 2,3 
25 1,2,3 1,3 1,3 1, 2,3 
65 2,3 
100 1,2,3 1,3 1,3 1,2,3 
170 1, 2,3 3 1 
320 1,3 1,3 
440 1 1 
525 1 1 1 
665 1 1 


Note: 1 Designates 8S.A.E. 1020 steel; 2 designates brass; 3 designates 
§.A.E. 1045 steel. 


specimen and is the actual strain where the specimen is deforming 
most rapidly. The time derivative of the true strain, —, defines 


a testing speed which does not depend on an arbitrary gage 
length, and which is equally satisfactory in the uniform elongation 
and the local necking portions of the tension test. By varying 
the rate of head motion it is possible to maintain a constant value 


de 
of a or a constant true strain rate, assuring at all times a con- 


stant rate of deformation at the smallest diameter of the specimen. 
The close self-agreement of the results obtained by using the true 
strain rate, and the ease with which the results lend themselves 
to analytical interpretation, give much additional weight to the 
belief that strain and strain rate defined in this manner are ex- 
pressed in a rational form. 

All tests were made using a 60,000-lb Baldwin-Southwark 
hydraulic testing machine with three loading ranges. The value 
of the true strain rate was controlled by adjusting the head mo- 
tion of the testing machine. For each constant true strain rate a 
table of specimen diameter versus testing time was prepared, 
and throughout each test the rate of head motion was adjusted 
frequently to arrive at the correct specimen diameter in the corre- 
sponding time. In Fig. 2 the diameter-versus-time relationship is 
given graphically for the constant true strain rate € = 100 X 
10-* sec~!. Generally two operators were required for each test, 
one to read the load and record the data, and one to read the 
specimen diameter and adjust the machine. A record was kept of 
the simultaneous values of load, specimen diameter, time, and 
specimen temperature. From these records the constancy of the 
temperature and the true strain rate were checked, and the true 
stress-strain curve was constructed. 

An electric furnace was used to obtain temperatures above 170 
C. Lower temperatures were obtained by keeping the specimen 
immersed in a constant-temperature bath of water (at 25 C and 
100 C), methyl] alcohol (at 65 C), ethyl glycol (at 170 C), ethyl 
alcohol containing an excess of solid carbon dioxide (at —70 C), 
and of liquid oxygen (at —183 C). Furnace temperatures were 
measured by attaching a thermocouple to the specimen. Other 
temperatures were measured by means of a thermometer im- 
mersed in the constant-temperature bath except for the liquid- 
oxygen bath which was assumed to be at the boiling point of 
oxygen. 

Temperature fluctuations were kept approximately to within 
+1 deg C at 25 C, 65 C, and 100 C; within +2 deg C at —70C; 
and within +5 deg C at temperatures above 100 C. At tempera- 
tures above 500 C, the fluctuation was sometimes as great as 
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+ 7 deg C. It is believed that in future tests of this kind a 
closer control of temperature is desirable, especially at the higher 
temperatures. 

A constant true strain rate was maintained throughout all tests 
made in this program. Four standard constant true strain rates 
were chosen, with a ratio of 100 to 1 between the extreme values. 
These rates were 500 X, 100 X, 20 X, and5 XK 10~*sec™". At 5 X 
10-5 sec~!, the slowest rate, the average test lasted 4 or 5 hr. 
At 500 X 10-5 sec™! the duration of the average test was 2 or 3 
min. These strain rates were chosen so that no test would be 
made so rapidly as to cause a change in temperature by the 
liberation of heat during testing, and so that no test would last 
more than 5 or 6 hr. The tests were thus conducted essentially 
under isothermal conditions. 

A short time was required to establish the proper rate of head 
motion at the start of each test, since the rate of head motion 
could be determined only by the rate of change of specimen diame- 
ter. As a result many specimens had initial strain rates which 
were several times too large or too small. This source of error was 
eliminated for strains larger than 0.05. During the remainder of 
the test, instantaneous values of the true strain rate fluctuated 
somewhat, but the average rate was maintained quite close to the 
desired value. 

The standard 0.505-in-diam tension specimen was employed 
throughout the testing program. A dial gage and special scissors 
clamp were used to measure the specimen diameter while the 
specimen was in the furnace or immersed in the constant-tempera- 
ture bath. At least two specimens of each material were tested 
at each pair of temperature and velocity values chosen. 

The true stress-strain curves to be described are mean curves, 
obtained by plotting the average values for the two or more speci- 
mens which were tested under each combination of conditions. 
It was felt that by plotting the mean values of several tests, the 
effects of temperature fluctuation and specimen variation could 
be minimized, and a truer indication of the effects of temperature 
and velocity would be obtained. 

Maximum load and fracture are indicated by short vertical- 
line segments intersecting the true stress-strain curves at the 
corresponding values of the true strain. Just as a tension speci- 
men is breaking there may be rapid changes in the testing veloc- 
ity and the load. These transient changes are often too rapid 
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for the operator to maintain a constant true strain rate at frac- 
ture. Consequently, in the present tests the fracture stress was 
determined by extending the straight-line portion of the curve to 
the proper fracture strain, this strain being measured after frac- 
ture by rejoining temporarily the two halves of the specimen. 


True Srress-STRAIN CurvVES AT CONSTANT TRUE STRAIN RATES 


Figs. 3 to 10, inclusive, show true stress-strain curves for 
annealed §.A.E. 1020 steel, tested at various constant true strain 
rates and at a number of temperatures. The temperatures and 
strain rates are given in each figure. Whenever there was no 
significant difference in the strains at maximum load (or at frac- 


‘ Where the words “true stress’”’ are mentioned in the paper, this 
signifies the average of the true axial stresses in the specimen. 


S.A.E. 1045 Steen at 25 C ror Various 
ConsTANT TRUE STRAIN RATES 


S.A.E. 1045 Sree. at 65 C ror a Con- 
STANT TRUE STRAIN RaTE 


Psi 


~ t + 
SAE 1045 ANNEALED | 
TEMPERATURE 320°C 
60] 


TRUE STRAIN RATE FOR 7 an 
CURVES IN DESCENDING ORDER 
(1) 20x00 sect 
(2) | sxioSsect | 


TRUE STRESS (S) IN THOUSANDS OF 


| | 
° 2 4 6 8 10 
TRUE STRAIN (€ 


Fie. 15 True Srress-Strain Curves FOR 
8.A.E. 1045 Street at 320 C ror Various 
Constant TRUE Srrain Rates 


ture) in a group of curves in any one figure, a single vertical seg- 
ment was drawn for all. 

Figs. 11 to 15, inclusive, form a similar group of curves for an- 
nealed S.A.E. 1045 steel, as do Figs. 16 to 20, inclusive, for 
annealed brass. The curves for these three materials summarize 
the results of well over a hundred tension tests. 

Since the S.A.E. 1020 steel was the most completely investi- 
gated of the three materials, it will be discussed first and in the 
greatest detail. The following conclusions may be drawn from 
an examination of the curves in Figs. 3 to 10, inclusive: 

1 All the true stress-strain curves show the characteristic 
straight line from maximum load or very shortly thereafter to 
fracture. 

2 At—70C and 25 C (Figs. 3 and 4), a greater true-strain rate 
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Brass aT 65 C For a Constant TRUE 
Srrain Rate 


corresponds to a higher true stress at a given strain. There is no 
significant effect on the ductility. 

3 At100C and 170 C (Figs. 5 and 6), a greater true strain rate 
corresponds to a lower true stress at a given strain. Also a greater 
true strain rate produces more ductility at fracture. 

4 At 440C and above (Figs. 8 to 10), a greater true strain rate 
corresponds to a higher true stress at a given strain, and also to 
less ductility at fracture. 


5 The minimum modulus of strain hardening = is practically 


unaffected by changes in strain rate of 100 to 1 at —70 C and 25 
C but is affected at higher temperatures. 

These results show that the effect of true-strain rate on ductility, 
strength, or modulus of strain hardening is not known until the 
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temperature is specified. Increased strain rates may bring higher 
or lower strengths and greater or less ductility. 

For S.A.E. 1020 steel (Figs. 3 to 10), the straight-line portion 
of the stress-strain curve begins at a strain slightly beyond the 
maximum load point. This appears to be in contradiction to 
previous investigations which have shown the straight-line por- 
tion of the curve to begin closer to the maximum load. The 
difference can be clarified by a reference to Figs. 21 and 22. 
Fig. 21 gives two true stress-strain curves for S.A.E. 1020 steel 
tested in tension. One is for a test at constant true strain rate 
and the other for a test at constant rate of head motion, closely 
approximating the ordinary tension test as usually carried out 
when no special attempt is made to control the true strain rate. 
It can be seen that the constant rate of head-motion curve is 


: 
4 
| 
$ 
: 
| 
| 
| | | 
| | 
y 
| | FRACTURE 
go}—URVES CROSS 
| 
| | | 
MAXIMUM 
| 
; | 
| 
a 
4 
i 
‘ 
3 2 
> 


A-222 


160} ———- + + 4 4 4 
140) 
2 120 4 
2100 
3 CONSTANT RATE OF ae 
HEAD MOTION — 
z | 4-4 
CONSTANT TRUE 
2 | gir STRAIN RATE 
| 
u } 
s | / 
z i | SAE 1020 ANNEALED 
| 
| 
= 
20 - + + 
| | 
2 4 6 8 10 
TRUE STRAIN 9’) 
Fic. 21 Comparison or TruE STREss- 


Srrain Curves For 8.A.E. 1020 at Con- 
STANT Rate oF Heap MOTION AND 
ConsTANT TRUE STRAIN RATE 


essentially straight from maximum load to fracture, whereas the 
constant-true-strain-rate curve drops away and does not become 
straight until slightly past maximum load. The difference is 
caused by the widely differing true strain rates after local necking 
has commenced. 

Fig. 22 shows that both tests began at approximately equal true 
strain rates, but that as soon as the maximum load was passed 
the rates began to diverge. At fracture the true strain rate was 
approximately 25 times as great in the constant rate of head- 
motion test as in the test at constant true strain rate. For mate- 
rials such as 8.A.E. 1020 steel at room temperature, which show a 
decrease in stress at a given strain corresponding to a decrease in 
testing speed, the constant-true-strain-rate curve will drop away 
from the ordinary curve after the maximum load is passed, since 
the true strain rate is decreasing relative to that for the ordinary 
test. The ordinary true stress-strain curve has been found for a 
wide variety of materials and conditions to be essentially straight 
from maximum load to fracture. In the constant-true-strain-rate 
test the relative decrease in the true strain rate causes the slight 
curvature after maximum load before the straight-line portion of 
the curve begins. 


REPRESENTATION OF EFFECTS OF VELOCITY AND TEMPERATURE 
BY A SINGLE VARIABLE 


The steady-state creep rate of several metals has been found by 
others to vary with the testing temperature approximately ac- 
cording to the equation 


where € is the creep rate, 7’ is the absolute temperature, é, 2, and 
A are constants, and Q is a function of the applied stress (24). 
Equation [1] can be rewritten as 


€ 
loge + Q 
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and by defining k = L/loge A and B = Equation [2] be- 


R log. A 


comes 


where k is a constant and B is constant for a particular stress 
value. 

For different values of the applied stress, the parameter B in 
Equation [3] will assume different values. In other words B is a 
function of the stress 


and consequently 
T (: — k loge (5) 
€ 


Equation [5] can be rewritten giving S as a function of T (: —k 


é 
loge ‘) 
€o 


The experimental verification of Equation [1] indicates that 
the stress reaction S in a creep specimen caused by an extension 
rate € at a temperature 7’ is a function of the single variable 


y (: — k loge ‘) as shown in Equation [6]. The form of the 


function can be determined by making a series of tests at varying 
temperatures, maintaining the extension rate € = é» in all tests, 
and measuring for each temperature the corresponding stress re- 
action S in the specimen. For such a series of tests Equation [6] 


reduces to 


and a plot of the stress reaction versus the corresponding testing 
temperature will give the functional form of f. 
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Equation [6] indicates that a constant value of k may be found 
so that the stress reaction in a specimen tested at a temperature 
T and a strain rate € will be the same as that found in a specimen 


€ 
tested at the rate €) and at the temperature T (1 — k loge 9) 


In effect the quantity T (: — k loge £) is a velocity-modified 


temperature with the property that a plot of stress reaction at a 
given strain versus velocity-modified temperature for tests at an 
arbitrarily chosen strain rate will coincide with a plot of stress 
reaction versus temperature for tests at the particular strain rate 
€o. 


Henceforth the expression T (1 — k loge ‘) will be referred 
to as the ‘‘velocity-modified” temperature and will be represented 
by the symbol 


Tn = — k loge ‘) 


Although the relationship S = f(7,,) given in Equation [6] 
was derived from the results of steady-state creep tests, it is now 
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assumed subject to verification by the data obtained in this and 
later investigations that the stress in a tension specimen depends 
only on 7’, and the strain 


[9] 


If Equation [9] is valid, the stress corresponding to a particular 
value of strain will depend only on the modified temperature 
T,,. In Fig. 23 for S.A.E. 1020 steel, the stresses corresponding to 
€ = 0.2 are plotted versus 7',, where €) was given the value 100 
X 10~* sec! and k was taken as 0.018. 

The actual testing temperature for each group of tests is in- 
dicated beside the corresponding points in Fig. 23. For increas- 
ing temperatures the stress reaction in the specimen is found 
farther to the right along the curve. In «ach group of points 
corresponding to tests at a given temperature, the stress reaction 
is found farther to the right along the curve for decreasing true 
strain rates. For example, points representing the tests made at 
25 C lie to the right of those made at —70 C, while at both —70 
C and 25 C the points lying to the left in each group correspond 
to true strain rates of 500 X 10-* sec~! and the points to the right 
in each group correspond to 5 X 10~®sec~?. 

Clearly Fig. 23 is the curve of Carpenter and Robertson, for 
points can be obtained on the curve to the left of a given point 
either by increasing the speed or by decreasing the temperature, 


MOOIFIED TEMPERATURE 
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24 Scuematic DiaGraM OF Stress as A Function or 
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and points can be obtained to the right of a given point by de- 
creasing the speed or increasing the temperature. It appears then 
that for a fixed value of the strain the stress reaction depends upon 
T,,, and that in general the stress reaction is a function of T',, 
and the strain as indicated in Equation [9].5 

In obtaining Equation [9], the number of independent variables 
determining the true stress S in a material being tested at a con- 
stant true strain rate and a constant temperature has been re- 
duced by one. For a given material instead of having the stress 
as a function of temperature, strain, and strain rate, the stress is a 
function of the strain and the modified temperature only. Since 
S appears to depend only upon 7’,, and €, it should be possible to 
show this relationship graphically. Assigning to S, Tm, and € 
the three mutually perpendicular axes in rectangular co-ordinates, 
the relationship S = f(€, T,,) defines a surface. 

Based on these experiments, such a surface for a steel ex- 
hibiting blue brittleness is shown schematically in Fig. 24. The 
intersections of this surface and the planes € = const yield a 
family of curves, each similar to Fig. 23, showing S as a function 
of T,, for a given strain. Intersections of the surface and the 
planes T', = const form a family of true stress-strain curves such 
as those in Figs. 3 to 10, inclusive. It is evident that a few se- 
lected true stress-strain tests at several values of 7',, may com- 
pletely determine the surface, and hence the value of S for any 
desired values of € and T’,,, or of €, €, and T. 

A satisfactory means of presenting the information concerning 
S as a function of 7,, and € in a two-dimensional diagram is to 
show the family of curves obtained by intersecting the surface S 
= f(e, T,,) by a group of planes € = const. This has been done 
for the three materials tested, and the curves are given in Figs. 
25 to 27, inclusive. Term & is taken as 100 X 10-* sec~! through- 
out. The value of k was found to be approximately 0.018 for all 
three materials. 

As a further aid in visualizing the surfaces S = f(e, T,,) graphs 
of the true fracture strain €, as a function of 7’,, have been pre- 
pared for the three materials. These curves are given in Figs. 28 
and 29. Figs. 30 to 32, inclusive, give the true fracture stress S,, 
the true stress at maximum load S,; and the minimum modulus of 


3. 
strain-hardening A (or the slope of the straight-line portion of 


the true stress-strain curve) as functions of 7,, for the three ma- 
terials tested. 

The modulus of strain-hardening for the S.A.E. 1020 steel, 
Fig. 30, shows a marked peak near 7, = 370 deg K. Although 


§ Although for the materials, temperatures, and strain rates used in 
this investigation, the curve of stress versus 7’, is essentially con- 
tinuous, further experiments at lower and higher strain rates and at 
different temperatures are necessary in order to check the utility of the 
velocity-modified temperature T,, throughout these wider ranges. 
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the modulus of strain-hardening is roughly the same for values of Zener and Hollomon (17) proposed that for tests at room 
Tm immediately on either side of the peak, the corresponding temperature and below, stress could be represented as a function 
stresses are quite different. For values of T,, > 370 deg K, the of strain and the parameter P = ée@/RT where € is the testing 
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speed, 7’ is the absolute temperature, R is the universal gas con- 
stant, and Q is a constant of the material. Using the data ob- 
tained in the present investigation for 8.A.E. 1020 steel, it was 
found that a plot of stress versus loge P was discontinuous above 
room temperature. The same data plotted in Fig. 23 versus the 
velocity-modified temperature gives a continuous curve through- 
out. 

In a later paper by Hollomon and Jaffe (25), hardness after 
tempering was found to depend on the parameter T(c + log t) 
where T' is the absolute temperature, c is a constant, and tis the 
tempering time in seconds. The similarity between 7, and this 
parameter is evident and indicates that various material proper- 
ties, in addition to stress as shown in this investigation and hard- 
ness as shown by Hollomon and Jaffe, may prove to depend on 
temperature and velocity (or time) related in a single parameter 
of this form. 

CONCLUSION 


From the foregoing discussion, the following conclusions can 
be drawn: 


1 For tests at constant true strain rates, true stress-strain 
curves show the characteristic straight line from the maximum 
load or very shortly thereafter to fracture. 

2 The effect of true strain rates upon ductility and strength 
properties for a given material is not known until the tempera- 
ture is specified. Increased strain rates may result in higher or 
lower strengths and greater or less ductility. 

3 Throughout the range of temperatures —70 C < T' < 665 C 
and the range of true strain rates 5 X 10-'sec~! < € < 500 X 107-5 
sec~! the true stress S in a tension specimen of 8.A.E. 1020 steel 
has been shown to depend only on the true strain € and the 


velocity-modified temperature T,, = 7 (1 — k loge ), where 


T is the absolute testing temperature, € is the constant true strain 
rate of the test, € is taken as 100 X 10~* sec~! and k is a constant. 
Similar relationships have been found for S.A.E. 1045 steel and 
brass for smaller temperature ranges. 

4 The utility of the concept of a velocity-modified tempera- 
ture for tension tests was made possible by the fundamental 
nature of the true stress-strain tension test, and of the true strain 
rate. 

5 For these materials and under the testing conditions im- 
posed, it is evident that the effects on the true stress-strain curve 
of increasing the testing speed and of decreasing the temperature 
are the same when related through the velocity-modified tempera- 
ture 7',. In addition, decreasing the testing speed and increas- 
ing the testing temperature have similar effects on the true stress- 
strain curve. 

6 A few selected tests at various values of 7, can be used to 
determine S as a function of € and 7',,, and hence S as a function 
of €, €, and 7. 

7 When the functional relationship S = f(e, 7,,,) is known, it 
may be possible to determine the effects of extremely Jarge and 
extremely small strain rates without special equipment or 
lengthy tests, assuming that the relationship S = f(€, 7'm) holds 
for the range of strain rates and temperatures considered. Tests 
lasting an hour or two performed in this manner might yield 
valuable information on creep and on high-speed deformation of 
the material in question. Since the true strain rates investigated 
herein were of a limited range, further experiments at higher and 
lower velocities and at different temperatures are necessary be- 
fore the full practical significance of the velocity-modified-tem- 
perature concept can be determined. 
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Electric Turret-Traversing Mechanism 


for Tanks 


By STANLEY J. MIKINA,! EAST PITTSBURGH, PA. 


This paper describes the development of a new electric- 
power drive for 360-deg traverse of tank turrets that was 
undertaken early in 1941. The development was brought 
toa successful conclusion with the satisfactory completion 
of Army Ordnance acceptance tests on December 6, 1941, 
and mass production of these traverse units was achieved 
shortly after Pearl Harbor Day, in time to equip the Gen- 
eral Sherman tanks that contributed to the victories in the 
North African campaigns. A description of the drive and 
its positionally regulated system of control is given to- 
gether with the mathematical analysis of system stability 
upon which the design criteria of the control were based. 


INTRODUCTION 


HE necessity for the development of a new all-electric 

gun-turret drive for tanks was first urged, toward the 

end of 1940, by Associate Director of Research C. R. 
Hanna, who was at that time himself engaged in the development 
of his tank-gun stabilizer. He felt that because of our then re- 
cent experience in the calculation and design of strip and wire 
tension regulators and other positionally regulated systems, we 
were in a better position than most to design a positionally 
controlled electric azimuthal drive for tank turrets. 

The exacting requirements of this application may be appre- 
ciated from a consideration of the fact that a gun turret weighing 
about 6 tons has to be rotated in azimuth at a continuously vari- 
able speed from zero to a maximum in either direction, all the 
while with such sensitivity of control that the cross hairs of 
the telescopic gun sight can be brought to bear precisely upon the 
chosen target anywhere within 360 deg of travel. 

The then existing drives for effecting 360 deg traverse of tank 
turrets were all hydraulic, comprising a constant-speed, motor- 
driven, variable-volumetric-displacement pump and a connected, 
constant-volumetric-displacement rotary hydraulic motor whose 
speed was varied by varying the stroke of its supply pump. Con- 
trol of turret velocity was effected by means of a manual control 
lever or so-called “spade,’’ with zero speed in the neutral position 
of the spade corresponding to zero volumetric displacement of the 
supply pump. At standstill, the turret load was held by the 
relative incompressibility of the oil in the pump-hydraulic- 
motor circuit and the turret was thus maintained in position 
within the limits and, for a time, determined by oil leakage 
from the pump-hydraulic-motor circuit. A separate gearbox 
equipped with a crank and a manually operated brake was pro- 
vided for emergency manual drive of the turret. 
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The application of all-electrie drives to gun-fire control was 
at this time a virgin field, or at least a closely guarded one, and 
we began to formulate our plans for the tank-turret drive with- 
out the benefit of prior art, but also without having to over- 
come the hindrances to innovation usually presented by estab- 
lished military tradition. The incentives for competing with the 
existing hydraulic drives were provided at the outset by the 
basic considerations: (1) That an electric drive is fundamentally 
cheaper and easier to manufacture than hydraulic machinery 
with its profusion of close-tolerance machining; and (2) that 
more accurate laying of a gun in azimuth can be effected with a 
positionally regulated electric drive than with the velocity- 
controlled hydraulic drive. 

To make clear the distinction between these two types ot 
control, it should be emphasized that, in the velocity-type hy- 
draulic control, the turret angular velocity relative to the tank is 
proportional to the angular displacement of a control lever from 
its neutral position. As a consequence, there is no unique 
correspondence assured between the position of the control 
spade and the stopping position of the turret. If the turret is not 
in the desired position when the control spade has been returned 
to the neutral position corresponding to zero speed, then the 
spade must be momentarily deflected and returned to neutral « 
sufficient number of times to bring the gun sights “on-target.” 
In the contemplated positional control, on the other hand, it was 
proposed to provide a continuously rotatable control handwhee! 
and to cause the gun turret to follow this handwheel synchro- 
nously. The power drive would thus be made as responsive to 
the gunner’s dictates as if he were manipulating an effortless 
manual drive, since the turret position would be proportional to 
the angular position of the control handwheel. 


0.C. 


GENERATOR TURRET MOTOR 


Fic. 1 Scuematic oF VARIABLE-VoLTAGE Drirect-CURREN1 
Drive 


In a battery-powered tank turret, the variable-voltage direct- 
current system of control is the only one suitable for achieving 
the desired synchronous positional regulation with a minimum of 
electrical equipment and was accordingly adopted for use with 
the Silverstat type of rheostatic control. As shown in the sche- 
matic circuit diagram, Fig. 1, a resistance in either of two equal 
opposing fields of a direct-current generator running substan- 
tially at constant speed may be varied continuously to produce a 
generator output voltage also varying continuously from one 
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polarity through zero to the reverse polarity. This output 
voltage may then be applied to the armature of a direct-current 
turret-drive motor of constant field, to produce a corresponding 
variation in speed from a maximum in one direction through 
zero to a Maximum in the opposite direction. 

To secure the desired proportionality between the control- 
handwheel displacement and the angular displacement of the 
turret, the generator field resistance must be made to vary pro- 
portionally to the difference between the control handwheel or in- 
put displacement and the turret or follower displacement. For 
purely local control, as opposed to remote control, such propor- 
tionality between two positions may be realized most readily 
by means of a mechanical motion-comparison device, such as 
a gear or roller differential mechanism which is capable of giving 
a shaft angular displacement proportional to the difference be- 
tween the angular displacement of the connected handwheel and 
turret. The difference motion from the differential may then be 
utilized directly to vary the generator field resistance in such a 
sense as to produce torques in the turret drive motor in a direc- 
tion to reduce the difference motion in question to zero. 

The foregoing expedients are a necessary, but not necessarily 
sufficient, condition for securing synchronism between handwheel- 
input and turret follower motions. In order to reduce the angu- 
lar error between control handwheel and turret to a minimum 
and to insure stable following of the handwheel motion by the 
turret inertia, suitable antihunting means must be incorporated 
in the control. In this case it was decided to employ gyroscopic 
anticipation to compensate for time delays in the control system 
and thus to secure the greatest possible stability of regulation. 


Turret Drive MECHANISM 


Having thus decided on the general scheme of the drive, the 
next step was to embody these ideas in a specific construction 
that would satisfy the power requirements as well as the severe 
limitations on available space in the turret. 

The power requirements were calculated from a duty cycle 
involving the operation of a gravity-unbalanced turret at 4 
rpm with the tank on a 30 per cent grade. The turret weight was 
approximately 11,000 Ib, and its center of gravity was 6 in. 
from the azimuth bearing axis. This load requires a peak horse- 
power of 

11,000 x 6 X sin 16.7 X 4 X 2x 


Hp = = 1.2 
12 X 33,000 


To this must be added the horsepower required to overcome the 
azimuth bearing friction of the turret. For a 6-ft-diam ball- 
bearing race and a coefficient of friction of 0.01, the friction power 
is 

11,000 X 0.01 X 3 X 4 X Qe 


Hp 0.25 
33,000 


Taking into consideration the intermittent nature of traversing 
duty, as well as the fact that the turret unbalance load is further 
diversified by varying sinusoidally with the turret azimuthal 
angle on the uphill half of the cycle, the choice of drive motor re- 
solved itself to a rating of 1!/s hp and 85 C for 1 hr when used 
with drive gears having an efficiency of 85 per cent. Such a 
motor can develop 4 or 5 times the full load torque for transient 
acceleration or other loads of short duration. To keep the motor 
size within the turret space limitations, an operating speed of 
3700 rpm at rated load was chosen. The correspondingly small 
supply motor generator set of 1-kw capacity at 3600 rpm is shown 
in Fig. 20. 

The comparatively high maximum operating speed of the 
turret drive motor necessitated a gear reduction of some 900 to 1 


from motor to turret. In considering the various possibilities for 
effecting such a speed reduction, two prime objectives were kept in 
mind: (1) The desirability of combining the emergency manual 
drive with the power drive in such a way as to utilize the same 
gearing and the same handwheel for both, and (2) avoidance of 
the complication of a holding brake for either power or manual 
traverse through the use of self-locking worm gearing. 

The advantages of the first objective are obvious from the 
standpoint of securing drive compactness and ease of operation. 
With regard to the second objective, it might seem that the 
property of irreversibility in worm gearing is incompatible with 
high operating efficiency. That is not necessarily the case, 
however, since a worm drive may be irreversible at low speeds or 
at standstill when the coefficient of friction between worm and 
gear is high, but may become capable of high-efficiency power 
transmission at higher operating speeds as the friction coefficient 
is reduced due to the development of a lubricating-oil film be- 
tween the worm and mating gear. 

To secure low-speed and standstill irreversibility of the turret 
drive, we therefore included a 20-to-1 worm-gear reduction 
with a lead angle of 5 deg in the gear train between the electric- 
drive motor and the turret. The condition for irreversibility of 
worm gearing is expressed by the well-known criterion which re- 
quires that 


in which 


@ = pressure angle of worm profile 
\ = lead angle of worm 
u = coefficient of friction in region of 


contact between worm and gear 


In the present case, for ¢ = 20 deg and X = 5 deg, u would only 
have to be equal to or greater than 0.082 to insure irreversibility. 
Actually, at standstill values of » in the neighborhood of 0.12 were 
observed. 

As the worm speed increases, a separating oil film will develop 
between the sliding surfaces and the coefficient of friction will 
drop to as low as 0.01. The transmission efficiency of worm gear- 
ing may be written for small lead angles as 


A cos @ 


e= 19) 


in which \ is expressed in radians. The maximum worm ef- 
ficiency in the present case is therefore 
0.0873 X 0.9397 


= 100 
: 0.01 + 0.0873 X 0.9397 


= 89 per cent 


The complete gear train of the turret drive for the M4 tank is 
shown in Fig. 2. The assembly comprises the power-transmission 
gearing and the control gearing for positional regulation of the 
turret. The power drive begins with the electric-drive motor, 
which is mounted vertically to fit in the available space. The 
motor is provided with an initial 2-to-1 speed reduction consist- 
ing of a vertical eight-threaded reversible steel worm engaging a 
bronze gear at one end of a horizontal shaft. Next, an integrally 
machined worm on the horizontal steel shaft makes a further 
20-to-1 reduction to the engaging bronze gear mounted on the 
upper end of the final drive shaft. Finally, a reduction of 22.4 to 
1 is obtained between the drive pinion at the lower end of the final 
drive shaft and the internal ring gear on the tank hull. The over- 
all ratio of 896 to 1 from motor to turret gives the latter a top 
speed slightly in excess of 4 rpm. An exploded view of the 
double-reduction worm gearing is given in Fig. 3. The power 
gearing and control accessories are mounted in the housing of 
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Fig. 4, and the complete traverse assembly is shown in Fig. 5. 
The traverse unit is bolted to the turret as shown in Fig. 6 and 
rides with it as the vertical drive pinion rotates relative to the 
stationary ring gear on the tank hull. 

The choice of the worm reduction gearing shown facilitated 
the incorporation of an emergency manual drive in the same unit. 
By mounting the control handwheel coaxially with the horizontal 
worm shaft it was possible to effect manual traversing simply by 
shifting the handwheel axially into engagement with drive slots 
on the end of the horizontal worm shaft. When shifting into 
manual drive, the power system is de-energized by a safety inter- 
locking switch actuated by the handwheel shifting displacement, 
but it is not necessary to disengage the motor from the rest of the 
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drive as it can be readily turned by the reversible eight-threaded 
worm gearing. The manual-drive ratio of 448 to 1 from hand- 
wheel to turret is adequate for overcoming turret unbalance in a 
sloping tank without imposing excessive force on the gunner’s 
hand. The ratio is high enough, moreover, to be useful for 
vernier sighting on distant targets from a stationary tank. In 
order to secure proper correlation between handwheel motion and 
turret motion in the manual drive, the horizontal 20-to-1 worm 
gearing must be right-handed. Clockwise rotation of the hand- 
wheel by the gunner who is facing it will then cause clockwise 
rotation of the turret when viewed from the top. 

The horizontal single-threaded worm of the 20-to-1 reduction 
is irreversible within the limits previously defined, i.e., at low 
speeds and at standstill, or whenever the coefficient of friction 
between worm and gear exceeds 0.082. This property of ir- 
reversibility, while useful for automatic load holding, makes it 
necessary, however, to provide some means in the drive for 
limiting turret acceleration on stopping. Damaging decelera- 
tions, far in excess of what normally can be produced by the 
available drive torques, can occur on a sudden cessation or re- 
versal of motor torque. The resulting rapid reduction in the 
worm velocity can bring the worm to a virtual standstill within 
the limits of its rotational backlash, while the turret is still near 
top speed. The immediate collapse of oil-film lubrication and 
the development of irreversibility in the worm gearing makes it 
impossible for the turret to drive the motor, with the result 
that the kinetic energy of the turret can be dissipated only by 
severe deformation of the shafting, gearing, and gear case, ac- 
companied by jarring vibration as the turret must of necessity 
come to a sudden stop against the unyielding self-locked worm. 

This condition can be readily avoided by providing a slippable 
friction clutch in the drive system between the turret and the 
point of irreversibility in the gearing. The use of a permanently 
engaged friction clutch, held in engagement by loading springs, 
will protect the drive system by slippage of the clutch whenever 
the drive loads tend to exceed the clutch slip torque. The clutch 
slip torque can be set high enough to carry without slipping any 
drive torques that the drive motor can normally develop, but to 
slip and absorb the energy required to bring the turret to a smooth 
stop whenever the turret tries to drive against the irreversible 
worm, 

A highly compact multiple-disk clutch was designed for this 
application by J. G. Ritter? and is shown in Figs. 7 and 8. The 
clutch is entirely contained within an enlarged portion of the 
final pinion drive shaft and consists of a stacked assembly of 
alternate bronze and hardened-steel washers clamped together 
by a single central bolt extending through the axis of the stack. 
Pressure between the disks is maintained by coned Belleville 
disk springs at each end of the stack and may be adjusted to 
vary the clutch-slip torque by drawing the assembly together 
to a greater or lesser degree by means of the single central hold- 
ing bolt. The steel washers of the clutch shown in Fig. 7 are 
accurately keyed to the flat-sided pinion shaft by means of cor- 
responding flats in the washer hole. The interleaved bronze 
washers in Fig. 7, being of softer material, are preferably keyed 
to the clutch housing by means of tabs on the washer outside 
diameter fitted closely within axial slots in the clutch housing. 
he upper end of the clutch housing is turned down to form the 
supporting shaft for the 20-to-1 worm gear. The coaxial pinion 
shaft and worm-gear shaft are guided and kept in alignment by 
the accurate fit of each set of washers on and within its respec- 
tive shaft and bore, and in particular by the close fit of the clutch 
cap and of the enlarged portion of the pinion shaft just above the 
pinion within the bore of the clutch housing. 


2 Mechanical Engineer, Springfield, Mass., Works of Westinghouse 
Electric Corporation. 
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The clutch-torque setting of 200 ft-lb is sufficient to bring 
the turret to a smooth stop from top speed in 4 deg at the turret, 
with stopping angles at lower speeds varying directly as the 
square of the turret speed. 

A further consequence of the use of irreversible worm gearing 
is the possibility of occurrence of a low-frequency chattering or 
“stair-stepping” vibration of the drive system, albeit under 
somewhat infrequent conditions. Such a vibration can occur, for 
example, when the turret is being driven at low speed in the same 
direction in which an external load, such as the gravity unbalance 
on a steeply inclined turret, is urging the turret togo. Whenever 
it is found desirable to do so, the chattering can be readily elimi- 
nated by a simple increase in the inertia associated with the ir- 
reversible worm shaft, as described in a previous article. 


DIFFERENTIAL AND FoLttow-Up MECHANISM 


Associated with the drive mechanism for transmission of 
manual or motor torque to the turret is a system of gearing for 
effecting positional regulation of the power drive. This is shown 
in Fig. 2 to the left of the horizontal 20-to-1 worm shaft. The 
function of the control mechanism is to make a direct comparison 
of the angular displacements of the control handwheel and of the 
turret and thus to yield an angular control-shaft displacement 
proportional to their difference. This difference displacement is 
obtained by means of a differential mechanism and is used to 
actuate a pair of Silverstats for varying the resistance in the 
fields of the direct-current generator supplying variable voltage 
to the traverse drive motor. 

The particular arrangement of the control-mechanism com- 
ponents shown was dictated by the available space limitations of 
the turret and represents the most compact design that could be 
devised. Thus the manual-traverse handwheel also serves for 
power-drive control by being shifted into appropriate engage- 
ment with the control gearing. Similarly, a necessary 20-to-1 re- 
duction in the follow-up gearing from the turret drive is ef- 
fected by utilizing the same worm that serves the power drive, 
merely by meshing it with a worm gear diametrically opposite 
the similar worm gear of the power drive. The height of the dif- 
ferential is reduced to a minimum by utilizing a disk-and-roller 
construction held in frictional engagement by compression 
springs. 

In the initial design the control handwheel was floated on an 
extension of the horizontal worm shaft as shown in Fig. 2. In 
later designs the handwheel was provided with a separate bear- 
ing to eliminate the slight disturbing effect of the oil-film coupling 


3“‘Worm-Drive ‘Jitters’ Can Be Avoided,” by S. J. Mikina, 
Machine Design, March, 1945, pp. 131-136. 
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between the worm shaft and the handwheel on the gunner’s 
manipulation of the latter. 

As the handwheel is shifted toward the gunner and out of 
manual-drive engagement, the gear pinion on the extension of the 
handwheel hub goes into mesh with an idler gear which is in 
engagement with another spur gear below it. The idler gear is 
necessary in order to establish the proper correlation between 
control-handwheel rotation and the direction of the turret rota- 
tion, and at the same time it makes the design more flexible by 
permitting ratio changes between the handwheel pinion and the 
lower spur gear without a change in their center distance. 

The lower spur gear is attached to the shaft of a bevel pinion 
which drives the lower disk of the differential. The upper dif- 
ferential disk is driven in a direction opposite that of the lower 
disk by a 20-to-1 worm-gear reduction from the horizontal 
power worm coaxial with the handwheel axis. A differential 
spider supporting three equally spaced rollers, is positioned be- 
tween the two disks by being centered on the tapered portion of a 
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vertical shaft in the differential assembly, as shown in Fig. 9. 
The worm gear driving the upper disk is floated on the upper 
large-diameter portion of the vertical differential shaft, while 
the lower disk and its bevel drive gear are floated on its small- 
diameter lower end. The 
differential assembly, com- 
prising the vertical shaft, the 
worm gear attached 
upper disk, roller spider, and 
lower disk and attached beve! 
gear is centered by two ball 
bearings; one at the upper 
end of the worm-gear hub 
and the other at the lower 
end of the bevel-gear hub, 
as shown in the exploded view 
ot the assembly in Fig. 10. 
The single vertical shaft of 
the differential is driven by 
the roller spider through fric- 
tional engagement between 
the tapered bore of the spider 
and the matching taper cn the 
shaft. The shaft taper is held 
against the spider taper by 
means of the small-diameter 
inner spring which exerts 
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spring. The upper differential disk is maintained in contact with 
the spider rollers and the rollers, and the rollers are held against 
the lower disk by means of the large spring which bears against 
the outer race of the upper centering bearing on the follow-up 
worm-gear hub. The reaction to this holding spring is provided 
through the lower centering bearing below the bevel-gear hub. 

The upper small-diameter end of the vertical differential shaft 
projects through a hole in the spring cover and is keyed to a 
lever that engages stops on the spring cover which determine the 
maximum permissible angular travel of the shaft. The lower 
small-diameter end of the differential output shaft projects 
through a double oil seal into the space housing the control Silver- 
stats and antihunting gyroscope, as shown in Fig. 11, with the 
gyro removed. The means for moving the gyro and for de- 
flecting the control Silverstats are attached to this projecting 
lower end of the differential shaft, as shown in Fig. 12. 


Fic. 12 Gyro AssemBLty oN Dirrerentian Ovreut SHAFT 


The sequence of operations in the functioning of the differen- 
tial and the follow-up mechanism is as follows: Rotation of the 
control handwheel by the gunner causes the lower disk of the 
differential to be turned through a proportional but reduced angle, 
as determined by the spur- and bevel-gear reduction ratios. 
Rotation of the lower disk in turn causes the contacting differen- 
tial rollers to roll upon the initially stationary upper disk, thus 
giving an angular displacement to the roller spider equal to one- 


half the displacement of the lower disk. The spider drives the 
vertical shaft of the differential through the tapered clutch and 
causes a deflection of the gyro and of the Silverstat. The re- 
sulting excitation of the generator field yields an output arma- 
ture voltage which is applied to the traverse motor and causes it, 
to drive the turret. 

The horizontal 20-to-1 worm of the turret drive also simul- 
taneously drives the differential worm gear which rotates the 
upper differential disk in the opposite direction from the initial 
rotation of the lower disk. This causes the differential rollers to 
roll back to their starting position, and when this has been 
reached, the Silverstat deflection is again at neutral and the drive 
motor and turret come toastop. Thus the turret is positionally 
tied to the control handwheel by the differential and rotates in 
synchronism with the handwheel as if it were in effect geared to it. 
Attempts to drive the handwheel faster than the drive motor 
can follow, or to rotate the handwheel with the control de-ener- 
gized, will result merely in slippage at the spider tapered clutch. 
This friction clutch is necessary to protect the control shaft from 
being driven beyond its stops and to prevent sliding of the dif- 
ferential disks and rollers under these extreme conditions of lack of 
synchronism. 


SILVERSTAT AND ANTIHUNTING GYRO 


The function of the Silverstat in the control system is shown 
in the wiring diagram, Fig. 13, while the Silverstat-and-resistor 
assembly itself is pictured in Fig. 14. The attachment of the 
Silverstat mounting plate to the lower end of the traverse gear 
case is shown in Fig. 15. Fig. 2 also shows the relation of the 
Silverstat to the other components of the drive. 

The Silverstat was originally invented for use in voltage regu- 
lators, but because of its advantages of sensitivity, simplicity, 
and reliability, its application has been extended to such fields as 
wire and strip-tension regulation, gun-fire control, and to position 
regulation in general. It consists of a plurality of thin bronze 
strips separated by sheet insulation at one end and clamped to- 
gether at that end. The unclamped ends of the bronze strips 
are brought in contact with an inclined plane which positions 
them with a uniform small spacing between adjacent strips. 
A silver contact button is riveted to the end of each leaf so as to 
extend above the bronze surface on each side of a strip and is 
separated from adjacent contacts by a gap of only 3 or 4 mils. 
The bronze strips are normally maintained in contact with the 
inclined insulator block by the setup force of their own initial 
deflection. The strip setup force also makes the Silverstat in- 
sensitive to vibration and prevents erratic making and braking of 
contacts due to strip acceleration by vehicle jolts or other dis- 
turbances. The clamped ends of the strips are connected to 
taps on a resistor. The circuit resistance may be varied simply 
by bringing the successive bronze strips into contact by lifting 
them off the inclined insulator block with an insulated pusher, 
thus causing a progressive shorting out of the shunting resistor. 

A comparatively stepless and smooth variation in control re- 
sistance may be secured with the Silverstat, and any law of re- 
sistance versus Silverstat deflection can be built into the unit by 
proper grading of the resistor taps. The resistance change cor- 
responding to the bringing together or separation of each pair of 
silver buttons is kept small by using a sufficiently large number of 
contacting strips and is further smoothed out by the contact 
pressure-resistance characteristic or silver pile effect of the con- 
tact stack. Operating-energy requirements are kept low by the 
small contact forces and travels involved. For example, a total 
travel of */32 in. is sufficient to close a stack of 30 contact leaves 
with a maximum force of a few grams. 

The Silverstat assembly worked out for the tank-traverse 
application consists of two 19-leaf stacks of opposite hand 


7 
4 
4 
i 
4 
4 
Fig. 11 Gyro Hovusinac Gyro anv Controt REMOVED 
\ Sie 
~ 
q 
4 
' 


A-234 
DRIVE MOTOR __GUNNER'S SWITCH 
ARM. | _NO.I9 NO.19 NOI 
SSILVERSTATS” 


GYRO 


CONTACT 
ARMS 


SILVERSTAT 
LEAVES 


Fig. 14 Sitverstat Resistor ASSEMBLY 


clamped in a single mounting plate. The insulated actuating 
pushers are attached to and guided by flat bronze springs clamped 
together with the contact stack. A flat metal spacer attached 
to the gyro motor frame is interposed between the actuating but- 
tons and converts the differential shaft and gyro deflection to a 
proportional deflection at the Silverstat leaves. The Silverstat 
resistors are mounted on the reverse side of the mounting plate 
and project upward into the housing around the gyro motor. 
The antihunting gyro is shown in Fig. 16, together with the fric- 
tional damping means, the gyro-centering springs, and the Silver- 
stat actuating plate projecting below the gyro frame. 

The function of the antihunting gyro is to impart a superior 
stability to the positional control without the necessity for a 
compromising reduction in regulation sensitivity and accuracy. 
More precisely, the gyro makes possible a higher positional stiff- 
ness in the control without incurring instability in the form of 
sustained oscillations. 

The concept of “stiffness” in a position regulator is in prin- 
cipie analogous to the stiffness of a spring or the torsional stiff- 
ness of a shaft in a purely mechanical system. In the subject 
case, the torques urging the turret into synchronism with the con- 
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trol handwheel are proportional to the twist of the handwheel 
relative to the turret, just as the elastic torque of a shaft is 
proportional to the angle of twist between its ends. And just 
as in a mechanical system the stiffer a shaft is the more accu- 
rately does one end follow the other in spite of friction and load, 
so in this electric drive does high regulator stiffness connote abil- 
ity to effect synchronism between control handwheel and follower 
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turret with a correspondingly small angle of lag. However, in the 
case of the electrically derived torques of the turret drive, the 
“spring” restoring torques forcing the turret to move into coin- 
cidence with the handwheel motion differ from a pure mechanical 
spring in one all-important respect; i.e., they are delayed by the 
inductance of the generator field and armature which prevents 
an instantaneous change of current in the circuits upon a change 
in the Silverstat resistance due to rotation of the differential shaft. 
The effect of these time lags in the development of corrective 
torques is to reduce the system stability by causing the delayed 
positioning torque to have a component in phase with the velocity 
of free oscillation of the system and thus to supply the energy for 
maintenance of the oscillation. 

Time lags in the synchronizing torques of the traverse drive 
can be compensated for, however, by making the control re- 
spond to the time rate of change of error as well as to the dis- 
placement error itself between the control-handwheel motion 
and the turret motion. Such a velocity response has the effect 
of advancing the phase of the corrective torque to make up for 
the angular phase lag due to time delays in the control. In the 
case at hand the function of the antihunting gyro is to produce a 
compensatory deflection of the Silverstat proportional to the 
angular velocity of the differential output shaft, this deflection 
to be superposed on (i.e., algebraically added to) the Silverstat 
deflection due to angular displacement of the differential shaft. 

Referring to Figs. 2 and 16, the gyro assembly of driving motor 
and flywheel is mounted in a forked bracket which is floated on 
ball bearings on the lower end of the differential-output shaft. 
Pivot pins in the ends of the bracket fork fit into ball bearings in 
the motor frame to form a horizontal precession axis for the gyro. 
Precession of the gyro about this axis is restrained by a pair of 
opposed centering springs hooked over an anchor piece projecting 
from the main fork and adjustable as to length and tension by 
means of the attaching screws on plates extending from the gyro 
frame, A metal paddle projecting below the gyro frame fits 
between the two insulated deflecting push rods of the Silverstat 
and moves them as the paddle is moved laterally by the motion 
of the gyro frame. This actuating paddle is mounted in the 
plane of the intersecting axes of the precession pivots and of the 
vertical differential shaft, but contacts the Silverstat push rods 
at a point off center from the vertical differential-shaft axis. 
Hence the paddle and the contacting Silverstat push rods are 
given a deflection due to both the rotation of the vertical differen- 
tial shaft and to the precession of the gyro about the horizontal- 
pivot axis. The component deflections are combined at the 
paddle into a resultant deflection equal to the vector sum of the 
components, which in this case is also equal to their algebraic 
sum. 

The angular velocity of the differential shaft, which represents 
the time rate of change of angular error between control hand- 
wheel and follower ‘turret, causes the gyro to develop a torque 
about its precession axis equal to 


in which 
I, = polar moment of inertia of rotating masses of gyro 
Q = angular velocity of gyro rotor 
# = angular velocity of differential shaft 


This gyroscopic torque acting against the gyro centering springs 
results in an angular deflection of the gyro about its precession 
axis. If the two opposed centering springs are at a distance a 
from the precession axis and if the scale of each spring is s, the 
precessional deflection of the gyro due to 7, is 
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The Silverstat-actuating push rods engage the gyro paddle at 
a distance b below the gyro precession axis. Hence the fore- 
going angular deflection results in a Silverstat deflection equal to 


At the same time, the angular deflection ¢ of the differential out- 
put shaft also produces a Silverstat deflection equal to 


where c is the distance from the differential-shaft axis to the point 
at which the Silverstat push rods engage the actuating paddle, and 
= Swit. 

The ability of the gyro to compensate for time delays in the con- 
trol system may be defined by a time constant 7’, which we have 
named the “time of anticipation.”” This time constant is de- 
fined as the ratio of the Silverstat deflection per unit angular 
velocity of the differential shaft to the Silverstat deflection per 
unit angular displacement of the same shaft, that is 


In terms of the gyro design constants this becomes 

= 


An insight into the physical meaning of the anticipation time 
thus calculated may be obtained by noting that for the case in 
which the turret departs from synchronism with the control 
handwheel at a suddenly appearing constant angular velocity w 
at the differential output shaft, the change in the Silverstat de- 
flection due to the resulting error ¢ will become equal to the Silver- 
stat deflection due to the precessional angle @ only 7, seconds 
after the instant of appearance of w. In other words, the angular- 
velocity response of the gyro produces a Silverstat deflection 
calling for a corrective torque Tg seconds before a similar call 
would be produced if the change in the Silverstat deflection were 
due only to the angular error ¢ and not also to w, which is equal to 
do/dt. 

The addition of a spring-and-mass component such as the 
spring-centered gyro precessional inertia into a regulated system 
usually requires the inclusion of damping in the same assembly to 
prevent the maintenance of one of the modes of free vibration of 
the regulated system.’ Thus in the case of the gyro, a normally 
transient free oscillation about its precession axis could give rise 
to torques from the coupled turret-drive motor that would be of a 
phase to maintain these oscillations. Damping about the gyro 
precession axis must therefore be provided to avoid the build- 
ing up of such self-excited oscillations. Moreover, the preces- 
sional damping must be a linear function of the precessional veloc- 
ity in order not to hinder the anticipatory motion of the gyro 
about the same precession axis. In this regulator design the 
seemingly impossible feat of providing linear velocity damping by 
means of dry Coulomb friction has been achieved by an adapta- 
tion of a unique damping principle worked out by C. R. Hanna 
for his tank-gun stabilizer. 

Referring to Fig. 16, note that the differential-output shaft 
projects through the bearings which float the gyro fork on it. 
Clamped and keyed to this projecting shaft end is a small forked 
bar which engages a bent-up plate from the gyro frame by means 
of friction shoes. The friction shoes are backed by adjusting 
screws on the small forked bar and are positioned so that they are 
within 2 or 3 mils of touching the gyro friction plate. The gyro 
and its supporting bracket, being floated on ball bearings, are 
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therefore made to follow the differential-shaft rotation solely 
through the normal forces between the damper shoes and the gyro 
friction plate. At the same time the gyro is capable of deflec- 
tion about its precession axis since for this motion the 
damper plate moves parallel to the friction faces of the damper 
shoes. 

The angular velocity of the gyro about its precession axis is 
damped by the friction shoes which are pressed against the fric- 
tion plate by a normal force proportional to the gyro precessional 
velocity. Such a precessional velocity gives rise to a gyroscopic 
torque about the vertical axis coinciding with the differential- 
shaft axis. This gyroscopic torque is transmitted to the gyro 
supporting fork through the precession pivots and turns the fork 
on its floating bearings through the angle necessary to take up the 
minute clearance between the friction plate and the damper 
shoes. The damper plate is then pressed against a shoe with 
a force proportional to the gyro torque about the differential- 
shaft axis, which torque is proportional to the vibrational veloc- 
ity of the gyro about its horizontal precession axis. The normal 
shoe force times the coefficient of friction between shoe and 
damper plate gives a frictional force on the plate that opposes the 
gyro-precessional velocity. Thus pure velocity damping about 
the gyro-precession axis is obtained simply by utilizing the pro- 
portionality between the normal shoe force and the gyro vibra- 
tional velocity that gives rise to this normal force. By a suita- 
ble choice of friction facing for the shoes, sufficient damping 
may be obtained in this way to make the gyro inertia critically 
damped on its centering springs. 

In performing its antihunting function the gyro responds to the 
angular-error velocity between control handwheel and follower 
turret. When the control handwheel is stationary the gyro 
responds, of course, only to the turret angular velocity and may be 
said then to anticipate impending changes in the angular dis- 
placement of the turret only. At the start of a control motion, 
when the turret is stationary and the control handwheel just 
begins to turn, the gyro responds to the input control motion to 
give an anticipatory change in the Silverstat deflection and thus 
to produce a momentary surge of torque from the turret drive 
motor that is helpful in breaking away the turret against its 
static friction. The angular error between the handwheel and 
turret required to initiate motion of the latter is thus appreciably 
reduced. 


ANALYSIS OF SYSTEM STABILITY 


A high-accuracy positional control such as is described herein 
is capable of instability in the form of’self-excited hunting it 
necessary measures are not taken for its avoidance through proper 
regulator design. The correct proportioning of the various con- 
trol elements such as the various gear ratios, the allowable Silver- 
stat deflection for a given handwheel rotation, and the design 
constants of the gyroscope, must all be based on stability 
criteria derived from the equation of motion of the system. 

In order to express mathematically the dynamic equilibrium 
of the regulated system, it is first necessary to determine how the 
turret-drive motor torques are affected by the control time de- 
lays and by the other significant electrical characteristics of the 
system. With the drive-motor torques known, the stability of 
the system can then be analyzed by assuming that the motor and 
connected turret have been displaced from synchronism relative 
to a stationary control handwheel and then writing down the 
equilibrium relations governing the subsequent motion of the 
system as it attempts to return to synchronism. 

A displacement of the turret and drive motor from the syn- 
chronous position results first of all in a proportionate deflection 
of the Silverstat from its neutral position. The resulting change 
in the generator field resistance is equivalent to a change e, 
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in the voltage applied to the field. The change in the generator 
field current due to e; is then 
R, + pl, 
in which 
R, = resistance of generator field 
L, = inductance of generator field 
p = time-derivative operator d/dt 


The field resistance R, will vary with the Silverstat deflection, but 
in the stability analysis it will be sufficient to take the worst con- 
dition, namely, the minimum value of 2, corresponding to the 
maximum time delay. 

At constant generator speed the change in the generated volt- 
age due to the change (, is 


where 

K = design constant of generator 

ig = change in generator-armature current 

Rk; = combined resistance of generator and turret-motor 
armatures 

L, = combined inductance of generator and turret-motor 
armatures 


Combining Equations [9] and [10], we obtain 
Ke, 


a = Reig + Inpir, 


from which 
Ke Ce; 
(Ri + pl,) + (1 + Tip) + 


where T, = L,/R,; and T; = L:/R;. The turret-motor torque is 
proportional to the product of its field strength and its armature 
current. Since the turret-motor field is constant, Equation [11 | 
therefore, expresses the character of the turret-motor torque as 
influenced by the electrical time delays of the system. 

Besides being affected by time delays, the turret-motor torque 
is also subject to change as a result of its own change in speed 
due to the fact that its armature current varies with the back 
emf of the motor. An increment p¢ in the motor angular veloc- 
ity causes a change in the generated counter emf equal to 
cpd. This in turn results in a change in the motor-armature 
current equal to 


te {11] 


The change in the motor torque corresponding to i; may be 
written as 


13 


in which R is a design constant of the generator and connected 
turret motor. 

The total change in turret motor torque due to a change ¢ 
in its angular position relative to the synchronous position and 
to a change p¢ in its angular velocity may be expressed as 


—S¢ __ _Rpe (14) 
(l+Tip)(l+ Tp) 1+T7:p 


Torque = 


In this expression S is a constant of proportionality determined 
by the deflection of the Silverstat for a given deflection of the 
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turret motor from synchronism with the control handwheel. 
Having the dimensions of a torque per unit angle, which are the 
dimensions of a spring stiffness, the quantity S may properly be 
termed the regulator stiffness and is an inverse measure of the 
error in synchronism between control handwheel and follower 
turret. The greater S is made, the smaller will be the lag angle 
between handwheel and turret for a given turret load, and it is 
the object of this analysis to determine the conditions for mak- 
ing S as large as possible. The constant R has the dimensions 
of a torque per unit velocity and is thus analogous to a coef- 
ficient of mechanical viscous resistance. The minus sign before 
S and R indicates that the change in torque opposes the change in 
¢ and p¢, respectively. The motor-damping torque Rp¢ is de- 
layed only by the time delay of the armature 72, in contrast to 
the positioning torque S¢ which is delayed by the product of two 
linear delay functions involving both 7, and the generator field 
delay T;. For a given drive system R may be readily calculated 
as the reciprocal of the slope of the speed-torque curve of the 
drive motor, in this case the turret drive motor as powered by 
the MG set. 

The addition of the antihunting gyroscope to the differential 
mechanism causes the control Silverstat to be deflected by an 
amount proportional to p¢ as well as to ¢, since the precessional 
deflection of the gyro is proportional to the angular velocity of 
the differential shaft, which in turn is proportional to the angular 
velocity p¢ ot the turret motor when the handwheel is stationary, 
as was assumed at the start of this stability analysis. 

In deflecting the Silverstat by the precession around its hori- 
zontal axis, the gyroscopic torque about this axis must overcome 
the impedance due to the inertia, centering spring, and damping 
forces acting about the gyro precession axis. Thus equilibrium 
of the gyro system about its precession axis is expressed by 


T, = ip? + + 88............ . [15] 


in which 


> = gyro torque about horizontal precession axis 

/ = gyro precessional inertia 

‘> = gyro damping coefficient due to friction shoes 

s, = angular stiffness of gyro centering springs about preces- 
sion axis 

time derivative operator d/dt 


~ 
~ 


p 
The anticipatory deflection angle of the gyro is therefore 


6= ip? + + ce {16} 
This may be written as 
T,/8 
(17] 
+ 


So 
This may be further condensed by writing 


(1 + tip) + tsp) 


in which @ = T,/s, is the value corresponding to steady-state 
conditions and ¢; and & are the time delays in obtaining 4, being 
equivalent to the quadratic delay function of Equation [17]. 
The gyro delay function may be simplified somewhat by noting 
that f = t = \/i/s, when the gyro is critically damped, as was 
the ease with the friction-shoe damping used in this design. 
Equation [18] therefore becomes 


apes 
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The Silverstat deflection due to @ results in a proportional 
turret-motor torque. The torque change due to @ is, however, 
delayed by 7; and 7; to the same extent as the previously de- 
scribed synchronizing torque S¢?. The component of turret- 
motor torque that is due to the gyro is therefore expressed by 


—rpo 
(1 + Tip) (1 + Top) (1 + tip)? 


in which r is a constant of proportionality having the dimensions 
of a torque per unit velocity, i.e., of a mechanical viscous resist- 
ance. 

Combining Equations [14] and [20], the expression for the 
complete turret-motor torque is 


Torque = 


rp 
—§ 


(1 1 + tp’ 
The ratio of r/S has the dimensions of a time, which we denote 


as the time of anticipation T,. Equation [21] may therefore 
be rewritten as 


(1 | ° Rpg 
(1 + Tip) (1 + T2p) 1 + Top 


The 7, appearing in Equation [22] may be identified as being 
equal to the 7',, expressed in Equation [8] as the time of antici- 
pation of the gyro. 

The motor torque, Equation [22], works against the inertia 
torques of the system to bring the motor and turret inertias into 
synchronism with the handwheel position from which they were 
initially displaced. Denoting the total inertia of the motor and 
of the equivalent inertia of the turret at the motor shaft by 7 
the equation of motion of the system becomes 


—§ E +. 
Ip = (1 + tp)? _ 


T = 


This equation resembles the familiar differential equation of free 
vibration of a single-mass system subject to spring and damping 
forces, with the exception that these forces are here delayed by 
system time lags, while the anticipating torque S7'gp¢ is also de- 
layed owing to motional impedances about the gyro precession 
axis. As a result of these time lags, more than one mode of os- 
cillation of the system is possible and instability can occur in 
which one or more modes of regulator oscillation will develop con- 
stantly increasing amplitudes if the mathematical criteria for 
system stability are violated in the design of the regulator. 

At the boundary of stability, when free vibrations of constant 
amplitude can be indefinitely maintained, the torque equilibrium 
relations expressed by Equation [23] can be illustrated by 
means of the familiar diagram of rotating vectors used for repre- 
senting sinusoidally varying quantities, as shown in Fig. 17. 
For the usual convention of positive rotation in the counter- 
clockwise sense, torques in phase with the turret-motor angular 
displacement ¢ will lie along the lower half of the vertical axis of ¢, 
torques in phase with the motor velocity will be along the right 
half of the horizontal axis which is advanced 90 deg from the 
displacement axis, torques in phase with the motor acceleration 
will be along the upper half of the vertical axis, and finally damp- 
ing torques opposing the motor velocity will be along the left 
half of the horizontal axis. 

For a free-vibration mode at an angular frequency w and a 
constant amplitude ¢, the inertia torque Jw*¢ of the motor and 
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turret is in phase with the angular displacement ¢ and is repre- 
sented by the down-pointing vertical vector of length Jw*. 
The torque S¢ urging the motor and turret inertia into their 
synchronous position is a torque opposing their departure ¢ 
from the synchronous position and is therefore represented by a 
vector whose length is equal to the absolute length of | S¢| and 
which is at an angle of lag a from the —¢ axis as determined 
by the time delays 7; and 7;. (A pure mechanical spring torque 
of zero lag would lie along the —¢ axis.) 

The delayed-positioning torque is thus seen to have a com- 
ponent along the positive velocity axis wd. This component in 
phase with the angular velocity of the free vibration can do work 
upon the latter and thus supplies the energy for maintenance of 
the vibration or for increasing its amplitude. The effect of a 
delay in the positioning torque of the system is therefore to 
produce a stability-reducing torque which is in effect a negative 
damping torque. This negative damping torque must then be 
countered with positive damping torques in order to secure a 
satisfactory degree of system stability. 

One such positive damping torque is introduced by the antici- 
pating gyro. The motor torque—rw¢ due to the gyro response is 
represented by a vector in the third quadrant having a lag angle 8 
with respect to the damping axis —w¢ and a length equal to the 
absolute length of | rap |. The angle 8 is greater than the angle 
a, since the anticipating torque is delayed by the gyro time de- 
lays in addition to the other electrical delays of the system. 
In spite of these delays, the anticipator torque | rw | has a sub- 
stantial positive damping component along the —w¢ axis which 
serves to counteract the effect of the negative damping torque. 
By virtue of its lag with respect to the positive damping axis, 
the anticipator torque also has a component along the stiffness 
torque axis —¢. This component must be considered detri- 
mental to system stability, since it tends to reduce the vibration 
decrement for a given amount of positive damping in the regu- 
lated system. For this reason therefore we may expect that 
there is an optimum time of anticipation 7’, for maximum decre- 
ment per cycle, beyond which the system damping becomes in- 
ferior owing to the increase in system frequency as a result of the 
increased resultant regulator stiffness. 

The other source of positive damping in the system (besides 
small incidental and unreliable turret and bearing friction, and the 
like) is the turret-motor armature damping —Rw¢. This has 
the smallest lag angle of all and is represented by the vector 
having an angle y with the —w¢ axis and a length equal to the 
absolute length of | Rud | . The motor damping torque is re- 
ceived gratis, so to speak, as an inherent motor characteristic. 
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As such, it is a welcome addition to the system stabilizing in- 
fluences, but because of its smaller magnitude it is less effective 
than the torque due to the anticipating gyro. 

Equation [23] may be cleared of fractions and put in the more 
conventional form 


+ + + p> + + 
X (71 + + + + + T2) + 2h + 
+ Rt?) p> + + RT, + + St*)p* + (R + 28 + ST) p 


The operators p®, p5, etc., are understood to apply to the variable 
¢, Which has been omitted for convenience in writing. The solu- 
tion of this linear differential equation is 


= + coe?™ + cyeP™ + + + [25] 


in which 
e = base of natural logarithms 
Pi, Px, etc. = roots of Equation [24] considered as an algebraic 
polynomial in p 
C,, C2, etc. = constants of integration 


The solution, Equation [25], will represent a stable damped 
motion only if all the coefficients of p*, p5, ete., in Equation [24] 
are positive, as is the case, and if Routh’s criterion is satisfied 
For a sixth-order differential equation, Routh’s criterion for in- 
suring that the real parts of the roots p,, ps, etc., will be negative 
takes the form 


Sb[d(be — ad) — b(be — af)] 
f(be — ad) — Sb* 
(be — ad) [f(be — ad) — Sb*] 
d(be — ad) — b((be — af) 


be — af > 


in which a, b, c, d, e, and f are, respectively, the coefficients of 
p®, p’, p’, p’, p*, and p in Equation [24]. Criterion [26] may be 
used directly to determine the boundary relations for stability 
among the various system constants that enter into the stabil- 
ity relations. Of the various system constants, only two are at our 
disposal for adjustment in order to realize a given system stabil- 
ity, namely, the regulator stiffness S and the gyro time of an- 
ticipation T,. 

Solution of [26] at the limiting condition of equality will yield 
the values of S and T, at the boundary of stability. The condi- 
tion of boundary stability is in this case only of academic inter- 
est, however, since our object is to design a regulator having the 
highest possible damping for a given regulator stiffness. The 
degree of system damping for combinations of S and 7, below 
the zero-damping boundary line can only be obtained by solu- 
tion of the basic equation ef motion Equation [24]. For the 
values of constants pertaining to the turret drive, the sixth-de- 
gree polynomial in p fortunately has at least two real negative 
roots, and the remaining biquadratic may be readily solved by 
classical methods. 

The values of the various constants for this drive are as fol- 
lows: 

Maximum time constant 7; of the generator field = 0.1 sec 
Time constant of the generator- turret motor armature circuit = 0.02 
sec 


Motor-rotor inertia = 12 Ib-in.? 
Turret inertia referred to motor shaft = 18 lb-in.? 


Totalinertial = = 0.0778 lb-in-sec? 

The turret-motor damping coefficient R may be obtained from 1*s 
speed-torque curve, being the reciprocal of the slope of this 
curve. The torque of a 1'/,-hp motor at 3700 rpm is 
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1125 33,000 x 12 


X 3700 


= 19.2 in-lb 


The speed droop of the motor from no load to rated load is 15 


per cent. Hence 
19.2 
aiken 0.15 X 3700 X 2x = 0.33 in-lb/radian per sec. 
60 


The gyro time delay ¢, for critical damping of the gyro is, from 


Equations [17], [18] 
= 
8 


0.004 
= @ 0.01 
0.01 sec 


Letting S = 4 in-lb per radian and T, = 0.15 sec, and substitut- 
ing the foregoing values in Equation [24], we obtain the poly- 
nomial 


p* + 260 p* + 22,700 p* + 745,000 p* + 7.6 X 108 p? + 6.5 
X 10? p + 2.57 X 10° [27] 


In this case 


This is factorable, by synthetic division, into 


(p + 6.2) (p + 109) (p? + 141 p+ 4672) (p*+ 4.24 p+82) =0 


The first four roots are 
= —6§.2 
= —109 
[29] 
= —57 
—94 
The solution of the second quadratic is 


These complex roots represent a damped oscillatory motion of 
the motor and connected turret having a frequency 


8.8 
f = — = 1.4 cycles per sec 


The ratio of two consecutive amplitudes is 


2.12 


e = 0.219 


The decay in oscillation amplitude is therefore 78.1 per cent per 
cycle, 

Calculations similar to the foregoing sample were made for 
various values of S and 7’, and the results are given in Fig. 18 in 
the form of a family of curves showing the relation between S 
and T,, for a given degree of damping as expressed by per cent 
decay in amplitude per cycle. The optimum time of anticipa- 
tion, i.e., the one giving the maximum regulator stiffness, is seen 
to be in the neighborhood of 0.15 sec. The curve of 0 per cent 
damping is the stability boundary curve expressed by the in- 
equality [26] at the limiting condition of equality. 

The traverse unit was designed around the values of S = 4 
in-lb/radian and T, = 0.15 sec. The curve of damping is al- 
most flat in the neighborhood of the optimum value of 7',, which 
has the practical advantage of not requiring too precise an ad- 
justment of gyro and control constants and dimensions in order 
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to secure satisfactory stability. The performance of the turret 
drive verified the behavior predicted by this analysis. The tur- 
ret followed the control very smoothly with rapid decay of 
transient oscillations. The high regulator stiffness limited the 
angle of lag between the handwheel and turret to 0.3 deg at a 
turret load equal to the rated load of the motor. This lag angle 
was so negligibly small for the usual case of steady tracking with 
no acceleration or gravity unbalance loads that the turret seemed 
to be rigidly geared to the control handwheel. 


VARIABLE-VELOCITY SLEWING 


In the original design of the drive two so-called “slewing”’ 
switches were provided in addition to the handwheel control, 
one for the gunner and one for the tank commander. Opera- 
tion of either switch from its middle neutral position either right 
or left would traverse the turret at top speed in the corresponding 
direction. The switches simply applied full field to the control 
generator and were wired in so that the gunner’s switch inacti- 
vated and took precedence over the handwheel control, while 
the commander’s switch took precedence over both the gunner’s 
switch and handwheel. The commander was thus able to take 
over control from the gunner to bring the turret gun toward a new 
target not visible to the gunner, after which the gunner could 
use his handwheel for the final exact aiming and tracking on the 
target. 

Continued research on the original design led to the develop- 
ment of a continuously variable-velocity slewing means that was 
added to the basic positional control with no fundamental change 
in the design of the unit. This velocity control is the equiva- 
lent of the spade control of hydraulic drives and was effected 
simply by adding a control lever or spade to the upper end of the 
vertical differential output shaft, as shown in Fig. 19. Manual 
rotation of the spade causes the control Silverstat to be deflected 
an amount proportional to the spade angle and to give a propor- 
tional turret speed. The positional control need be in no way dis- 
engaged when using the slewing spade, since the follow-up drive 
to the upper differential disk simply causes the roller spider to 
slip at the tapered friction clutch as the differential shaft is kept 
from rotating by the control-spade torque. ‘The turret is brought 
to a stop following variable-velocity slewing either by turning 
the spade back to neutral or by simply releasing it and letting 
the differential bring it back to neutral. 

The presence of the positional control automatically deter- 
mines zero turret speed without the necessity for precise match- 
ing of the opposing generator fields or of reduction of residual 
voltages. The spade mechanism was worked out by J. N. Saler? 
and gives the electric turret drive any advantages that a veloc- 
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s-VELOCITY CONTROL SPADE 


POSITIONAL. CONTROL. 
HANOWHEEL. 


Fig. 19 VaRIABLE-VELOCITY SLEWING CONTROL 


ity-controlled hydraulic drive might have for slow-speed track- 
ing in addition to the exact aiming possible with the positional 
handwheel control. 

The same type of turret drive was developed for the 60-ton 
heavy tank T-1. Its design is similar to the M-4 tank traverse, 
with the exception of a change in gear ratios and the use of a 
horizontal drive motor, as required by the turret clearances. 
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Fig. 20 Traverse Unit With Moror GENERATOR Ser 
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The Effect of Triaxiality on the Technical 
Cohesive Strength of Steels 


By GEORGE SACHS! anp J. D. LUBAHN,? CLEVELAND, OHIO 


This paper describes the fundamental metal characteris- 
tics revealed by means of extensive notched tensile tests. 
The effects of the three major factors, triaxiality, plastic 
strain, and stress concentration, can be separated by means 
of systematic tests covering the dependence of notch 
strength characteristics upon numerous variables, such as 
notch radius, notch depth, and hardness (of heat-treated 
steels). The characteristic strength values supplied by 
notched-bar tensile tests appear to be of considerably 
greater practical significance than those obtainable by 
means of regular tensile tests. The investigations on 
notched tensile-test bars also furnish an example of a 
practical approach to a complex fundamental problem 
which can be solved only by means of correlated and care- 
fully controlled experimentation covering the effects of all 
pertinent variables. 


HE occurrence of brittle fractures in normally ductile 
metals represents a problem of great practical importance. 
It is recognized, at present, that such failures may occur in 
any structural steel, not only under repeated loads, but also under 
either static or impact loads which are applied once or a few times. 

Numerous factors are known to favor the frequency of brittle 
fractures, such as a low temperature (1)? and a large section 
thickness (2). However, the only feature which appears to be 
common to all brittle service failures that have been observed, 
excluding fatigue failures, seems to be the presence of a ‘‘triaxial 
tension-stress state.’’? This means that at the locus of failure, ten- 
sion in all three directions will invariably be found if a brittle 
fracture occurred. In addition, most such failures have occurred 
at a point of stress concentration, introduced by sharp corners, 
holes, welded beads, etc. 

Regarding the action of triaxiality, or any other factor favoring 
embrittlement, the conception has been advanced by Ludwik 
(3) that a brittle failure occurs if the factor increases the resistance 
of the metal to plastic flow, or its yield strength, faster than its 
resistance to fracture, or its ‘cohesive strength.’’ While the ef- 
fect of combined stresses, or triaxiality, on the plastic flow is 
well established, only a limited amount of information of a rather 
speculative nature is available regarding the effect of triaxiality 
on the cohesive strength (17, 18). 

Experimentally, brittle failures in normally ductile steels could 
be produced, up to a short time ago, only in notched-beam impact 
tests, which combine the actions of triaxiality, stress concentra- 
tion, and impact. 
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However, a number ot investigators have shown that impact 
and notching, while being factors favoring embrittlement, are not 
necessary conditions for a brittle fracture. Such failures also 
occur in static (unnotched) beam tests at very low temperatures 
(1, 4). Either one of two factors, the impact or the notch, may 
cause an otherwise ductile steel to embrittle in much the same 
manner as a decrease in the testing temperature, Fig. 1. This 
basic relation is rather difficult to explain, as it compares the ef- 
fects on the metal properties of external variations in stress state 
and of internal physicochemical changes caused by temperature 
(11). 

Furthermore, it has been shown recently that a static notched- 
bar tensile test evaluates the metal properties in much the same 
manner as a notched-beam impact test, see Fig. 20, (5, 12). 

Up to the present time no satisfactory test has been developed 
which subjects a metal to failure under tontrolled triaxial tension 
without stress concentration. If such a condition has been 
achieved, such as by quenching, the state of stress is not readily 
measurable or controllable. On the contrary, a uniform biaxial 
tension has been produced, but this condition apparently does 
not embrittle metals to a pronounced extent (13). 

However, extensive investigations of the notched-bar tensile 
test (4to 10) have shown that the effects of the two major factors 
involved, those of triaxiality and stress concentration, can be 
separated. Under certain conditions, a sufficiently wide range of 
testing conditions exists in which one of these two effects is prac- 
tically constant, and the nature of the other factor can be re- 
vealed. 

ANALYSIS OF TRIAXIALITY 


It has been found that the triaxiality depends primarily upon 
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the notch depth, i.e., the percentage of cross-sectional area re- 
moved by notching. Other conditions, such as notch shape and 
plastic strain, were found to have a considerable effect upon the 
stress-concentration factor, but apparently have only a negligible 
effect upon the triaxiality in certain ranges. 

The magnitude of triaxiality present in the notched section has 
been measured by two methods which yielded rather close agree- 
ment. The quantity which will be used as a measure of the de- 
gree of triaxiality is the ratio between the average radial stress 
(i.e., one of the two transverse stresses) and the average longi- 
tudinal stress in the notched section of a cylindrical test bar 
subjected to longitudinal tension. 

The distribution of these two stresses may be either very non- 
uniform or rather uniform, Fig. 2, depending upon various fac- 
tors, as discussed later. The radial stress can never become con- 
stant over the cross section, as it is always zero at the surface, 
according to the laws o. force equilibrium. The other transverse 
stress, i.e., the circumferential stress, is generally more uniformly 
distributed than the radial stress. This condition of nonuni- 
formity does not invalidate the conclusions regarding triaxiality, 
however. It appears that the actual conditions of stress distribu- 
tion may be approximated by the conception that the region of 
triaxiality (the investigation of which is the objective of this 
paper) is surrounded by a very thin surface layer of metal, in 
which the stress state increases from biaxial tension at the surface 
to a representative triaxiality at a small distance below the sur- 
face. The 1elations revealed by the tests do not indicate any dis- 
turbing effect of this zone of transition, and its existence will 
therefore be disregarded in the subsequent discussion. 

An average stress value, such as notch strength or fracture 
stress, has no lucid physical meaning if the stress distribution is 
nonuniform. However, the degree of nonuniformity of any dis- 
tribution of stress, such as the distribution of longitudinal stress 
on the notched section, will change progressively with such vari- 
ables as notch radius or amount of plastic strain and will ap- 
proach a condition of uniform stress as a limit. In this case, an 
extrapolation to such a limiting condition of uniform stress will 
have a certain degree of accuracy, and also will have a definite 
physical meaning even though such a condition of uniformity can- 
not be quite realized experimentally. Likewise under these 
circumstances, any quantity (such as triaxiality) will have a physi- 
cal meaning even though it has been calculated from average 
stress values, if it is considered that the value so obtained is 
an approximation to the physically significant value and be- 
comes more accurate as the stresses approach uniformity of dis- 
tribution. 

In such a limiting case of uniform distribution of radial and 
circumferential stresses, these two stresses are equal at every 
point, since the two corresponding directions are identical at the 
center of the test bar. Using the foregoing conceptions, the 
stress conditions in a notched bar may be described by two values, 
i.e., the longitudinal stress S,;, and the transverse stress S7, 
which is equal to either the radial or circumferential stress in the 
limiting case of uniform stress distribution. 

The first method of determining the magnitude of the average 
transverse stress is restricted to elastic loading. The ratio of the 
unknown transverse stress Sp to the measured (average) longi- 
tudinal stress S;, i.e., the triaxiality (S;/S,), can be calculated 
from measurements of the elastic transverse strain ez of the 
notched section (7, 14) according to the following relation 
er = (Sr = mS, mS = {1] 


* See also Appendix. 
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A Distribution of elastic longitudinal stresses when yielding is about to 
begin at notch bottom 


B_ Corresponding distribution of transverse stress 


C Distribution of longitudinal stress after complete yielding of cross section 
has occurr 


Fic. 2 DiaGRaAMMATIC REPRESENTATION OF DISTRIBUTION OF 
Evastic P.Lastic Stresses In NotcHep Bars or Various 
Notcu Deprus 


where FE is the modulus of elasticity = 30,000,000 psi, and m is 
Poisson’s ratio = 0.28. Modulus Ff is introduced as the trans- 
verse modulus, being defined by the ratio of the two experimen- 
tally measured quantities 


Combination of the Equations [1] and [2] yields the “triaxiality”’ 
(S7/S,) during the loading of a notched-bar tensile-test specimen 
within the limits of elasticity 
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Experimentation on a number of heat-treated steel specimens 
provided with a 50 per cent, 60-deg vee-notch, varying in the 
radius at the notch bottom, Fig. 3, has revealed that the trans- 
verse modulus remains practically constant for ratios of notch 
radius r to notch diameter® (d = 0.35 in.) from zero to approxi- 
mately 0.2 (7). The ratio of notch radius to notch diameter 
(r/d) will be designated hereafter by the term “notch sharp- 
ness.”” Thus a wide range of conditions exists where the magni- 
tude of the average triaxiality is approximately constant. For 
the 50 per cent, 60-deg, vee-notched specimens, the average 
transverse modulus was found to be Ey = —5.25 X 10~* sq in. 
/\b. The triaxiality then becomes, according to relation [3] 


Sr 1 
S, 1—0.28 


(0.28 — 0.057) = 0.31 


The second method of determining the average triaxiality de- 
pends upon the difference between the maximum load of a 
notched specimen, or notch strength, and that of an unnotched 
specimen, or tensile strength (5, 17, 18). For a metal that is 
sufficiently ductile, a notched test bar exhibits a load maximum 
in the same manner as an unnotched bar, Fig. 4. This maximum 
occurs at a longitudinal strain of 5 to 10 per cent, which is ap- 
proximately the same as that for an unnotched bar, Thus 
both the tensile strength Sp and the notch strength S, are (con- 


5 Diameter at the root of the notch. 
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ventional) stress values that refer to metal in the same condition 
of strain-hardening.*® 
According to the so-called “plasticity condition,” the corre- 


sponding transverse stress Sy is determined by the following rela- 
tion 


which is a direct expression of the ‘maximum shear condition” 
of plastic flow, or to which the “energy-of-distortion condition” 
reduces for conditions where the two principal stresses normal to 
the longitudinal stress are equal, as assumed in a notched bar. 
Then the triaxiality, at the point of maximum load, becomes 
simply 


Sr So 1 


where R = S§,/Sp is introduced as the “notch-strength ratio.” 
The experimentation on notch-ductile (low-strength level), 
heat-treated steel specimens, provided with a 50 per cent, 60- 


* The true stress is larger than the strength by a factor depending 
upon the value of permanent strain considered. However, this 
factor is eliminated on forming the ratio Se/S. 


deg vee-notch, varying in the radius at the notch bottom, Fig. 5, 
showed that this notch-strength ratio remained practically con- 
stant for ratios of notch radius to notch diameter (notch sharp- 
ness, or r/d) between zero and 0.2. This shows that the conclu- 
sion drawn from the elastic measurements, namely, that the tri- 
axiality is independent of the notch radius (for small radii), also 
remains valid for a condition where the metal has been sub- 
jected to a plastic strain of 5 to 10 per cent, i.e., the strain at 
maximum load, or the strain at which the notch strength is 
measured. 

From the value of the notch-strength ratio, R = 1.50 + 0.05, 
the triaxiality for the foregoing conditions of notching can be 
derived, according to Equation [5], yielding the value 

Sp 1 


1 
= 1—— =0.33 
St R 


1.50 
This value is in good agreement with that obtained from the elas- 
tic measurements, Fig. 3. 

This result leads to the general conclusion of considerable sig- 
nificance that the magnitude of triaxiality is independent of 
notch sharpness (r/d) for values between zero and 0.2 and is 
little changed by permanent strains, up to at least 5 or 10 per 
cent. Thus it can be considered as definitely established, that 
within a considerable range of the two variables, notch radius 
and plastic strain, the magnitude of triaxiality only differs to an 
insignificant extent, other conditions being identical. 


Va 
y 
o 0.2 0.4 0.6 0.8 40 
20 
48 
RANGE OF CONSTANT TRIAXIALITY 
46 
x 
42 4 
& 
w 4 
% 40 240,000 PSI STRENGTH LEVEL 
x xX 220,000 « ” 
S oak © 190,000 » 
A £45,000 " ” 
9 
06 
04 
40 20 40 660 /00 200 S00 o 


NOTCH SHARPNESS (Yq x1000) 


Fie. 5 Errecr or Notrcn SHARPNESS AND STRENGTH LEVEL ON 
Ratio OF QUENCHED AND TEMPERED S.A.E. 3140 
STEEL 


ANALYsIS OF Stress CONCENTRATION 


The stress concentration present in an elastically strained 
notched bar is known approximately, both from the theory of 
elasticity (15) and from photoelastic measurements (16). If the 
stress-concentration factor n is defined as the ratio of the maxi- 
mum longitudinal stress Sz, to the average longitudinal stress 
Sra acting on the notched section, then this quantity may be 
applied to either the elastic or plastic condition of the metal. 
Other things being equal, the stress-concentration factor increases 
rapidly (for elastic conditions) with decreasing ratio of notch 
radius r to notched diameter d, as illustrated in Fig. 6, for a slot 
notch having a semicircular bottom. 
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The stress concentration present in a plastically strained metal 
can be derived from the average values of stress at which the 
metal fractures, i.e., the ‘fracture stress.” With no stress 
concentration, i.e., aration = 1, the metal will fail at an average 
stress Sp4, which is equal to its true fracture stress or cohesive 
strength Sp, Fig. 6. For stress-concentration factors greater 
than unity, the average fracture stress will be less than the true 
fracture stress by an amount which depends on the stress- 
concentration factor, according to the following relation 


The true fracture stress is not known, but it can be determined 
as follows: The experimentation on 50 per cent notched bars 
yielded values of fracture stress? for a large range of conditions, 
varying in strength level (determined by the tempering tempera- 
ture) and notch radius, Fig. 7. The fracture-stress values that 
are represented, however, must be considered not only as a func- 
tion of these independent (testing) variables, but also of the fun- 
damental variables, triaxiality and plastic strain preceding the 
failure. The values of these fundamental variables can be de- 
termined from experimentally measured quantities: The notch 
ductility* is a measure of the plastic strain preceding failure, Fig. 
8; and the triaxiality has been found to be constant for notch 
sharpnesses not greater than 0.2, as discussed previously. 

Considering only those notch radii which yield constant tri- 
axiality, the fracture stress can now be plotted as a function of 
the notch ductility, or plastic strain, Fig. 9. This representation 
shows that as the plastic strain becomes smaller, the fracture 
stress first decreases gradually, until the ductility falls below a 


7In order to obtain reliable values of fracture stress for brittle 
materials, eccentricity must be positively avoided. 
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certain value, close to 2 per cent. With further decreasing duc- 
tility, the fracture stress then decreases rapidly to values as little 
as 50 per cent of those prevailing at higher ductilities. 

Each curve in Fig. 9, therefore, represents the effects of two fac- 
tors, (a) stress concentration, and (b) plastic strain, on the frac- 
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ture stress of a particular steel; and the curves for the various 
materials (strength levels) make an evaluation of these effects 
possible over a considerably wider range of conditions than would 
be possible for a single material. 

The fact that the stress-concentration factor is reduced enor- 
mously by relatively small amounts of plastic strain has been pre- 
viously derived qualitatively from the laws of plastic flow (5), 
and this has been shown also in a more quantitative manner, for 
a condition of plane stress, by comparing the elastic stress dis- 
tribution with the stress distribution obtained from X-ray stress 
measurements after small amounts of plastic strain. 

Considering the large effect of plastic strain in reducing the 
stress-concentration factor, it appears likely that the stress would 
be nearly uniformly distributed in a notched bar having an initial 
notch sharpness of 0.2, with a corresponding elastic-stress-con- 
centration factor of 2, and exhibiting a plastic strain preceding 
failure of over 2 per cent. Thus in Fig. 9 there should be a con- 
siderable range of ductility, say above 2 per cent, where the 
stress-concentration factor is unity. The curves in Fig. 9 then 
reveal that plastic strain (the only remaining variable) generally 
increases the fracture stress slightly, and that this effect of plastic 
strain on the fracture stress is practically linear, for strains ex- 
ceeding 2 per cent. 

On the contrary, for plastic strains below approximately 2 per 
cent, a slightly smaller plastic strain preceding failure results in 
a much smaller value of fracture stress. This phenomenon is 
explained by the previously mentioned large effects of small 
plastic strains on the stress-concentration factor. Thus each 
curve in Fig. 9 may be divided into two regions of ductility: (a) 
above 2 per cent (approximately), where the shape is governed 
entirely by the effect of plastic strain; and (b) below 2 per cent, 
where the shape of the curve is governed primarily by the stress- 
concentration factor. In this region plastic strain still retains 
its superimposed effect, which may be represented by an extra- 
polation (dotted in Fig. 9) of the part of the curve where the 
stress-concentration factor is unity, but this effect is insignificant 
when compared with that of stress concentration. 

The stress-concentration factor may now be computed, ac- 
cording to Equation [6], taking a value of true fracture stress 
Sp, from the straight curves in Fig. 9 at the ductility and strength 
level of the test being considered. The results of such calcula- 
tion, Fig. 10, show that a strain greater than 2 per cent will re- 
duce any initial stress-concentration factor, however large, to 
unity, within the experimental limits of accuracy (+5 per cent). 
A certain amount of apparent scattering occurs in the steeper 
part of this curve because of the fact that the stress-concentration 
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factor depends also upon the notch radius, to a small extent, 
Fig. 11; consequently, the results in Fig. 10 should be repre- 
sented by a family of curves rather than by a single curve. How- 
ever, the conception that the plastic strain has a predominant 
effect on the stress concentration is clearly shown in Fig. 10 by 
the fact that the points all conform rather closely to a single curve, 
regardless of radius. 

The combined effects of notch radius and notch ductility on the 
stress-concentration factor are illustrated in Fig. 11. The effect 
of the major factor, plastic strain, has been shown schematically 
by a family of curves representing various reductions of the initial 
(elastic) stress-concentration factor (derived from data of Frocht), 
corresponding to various amounts of plastic strain. The experi- 
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mental points indicate that the amount of ductility inherent in a 
metal having a strength level of 240,000 psi results in a reduction 
in the initial stress-concentration factor by 90 to 95 per cent (of 
its excess over unity). Likewise, for a strength level of 220,000 
psi this reduction is approximately 98 per cent, while for strength 
levels of 190,000 and 145,000 psi, the stress-concentration factor 
is reduced practically to unity over the entire range of notch 
radii.® 


Errect OF TRIAXIALITY ON COHESIVE STRENGTH? OF HEaT- 
TREATED STEELS 


According to the foregoing analysis, a notched tensile-test bar 
provided with a deep, but well-rounded notch (e.g., 0.031 in. 
radius) will exhibit an almost uniform triaxial stress state before 
failure. Consequently, the average fracture stress obtained 
under such testing conditions can be taken as being close to the 
true fracture stress, or the (technical) “cohesive strength” of 
the metal. This cohesive strength of a given metal should de- 
pend, according to the present conceptions, primarily upon two 
factors, i.e., the stress state, and the amount of plastic strain 
(preceding the failure). 

The stress states which can be produced by notched-bar tensile 
tests consist of various states of triaxial tension having two equal 
transverse tensions. These states can be designated, as pre- 
viously discussed, by a single quantity, the ratio of one transverse 
tension to the longitudinal tension, or ‘‘triaxiality” (S7/S,). 

A certain range of triaxiality is readily obtained by varying 
the notch depth. However, it is possible to utilize only a rela- 
tively smal] number of the tests that were made for the investiga- 
tion of notch depth (9), Fig. 12, in an analysis of the effect of 
triaxiality on the cohesive strength, because of the complicating 
effects of stress-concentration factor, notch sharpness, and plastic 
strain, preceding failure, which occur under certain conditions of 
testing. 

For a constant notch radius of 0.031 in., the notch sharpness 
varies with notch depth but is greater than approximately 0.2 for 
all notch depths and consequently, the stress-concentration 
factor is unity, according to the analysis of the previous section. 
For smaller notch radii, the stress-concentration factor is not 
unity over the entire range of notch depth. For example, at 50 
per cent notch depth the stress-concentration factors are 1.1 
and 1.2 for radii of 0.008 and zero, respectively, according to Fig. 
11. The fracture-stress versus notch-depth curve for 0.031 in. 
radius, Fig. 12, is nearly a straight line between notch depths of 
10 and 80 per cent. For the smaller radii, however, because of 
the retained stress concentration at fracture, the fracture-stress 
curves show a deviation from the curve for 0.031 in. radius at 
intermediate notch depths, which mirrors the maxima in the 
curves of elastic-stress-concentration factor versus notch depth, 


8 In Fig. 11 there appears to be a discrepancy at the boundary con- 
dition of zero radius, in that finite values of stress-concentration fac- 
tor are obtained experimentally, whereas a certain percentage reduc- 
tion of an infinite initial stress-concentration factor should result in 
an infinite retained stress-concentration factor. This discrepancy 
may be explained by the fact that an initial notch radius of zero does 
not remain zero while plastic strain progresses but changes to some 
small radius, such as that required by the conceptions represented in 
Fig. 11. Although no direct proof is available from the data in Figs. 
7 and 8 for the fact that the stress-concentration factor becomes 
practically unity after small amounts of plastic strain, the correctness 
of this statement can be indicated by showing that the experimental 
results are not compatible with any other conception. See Appendix 
1. 

*In this report, the term ‘cohesive strength” will refer to the 
“‘technical cohesive strength,’’ i.e., the stress normal to the fracture 
in a polycrystalline aggregate, such as most of the engineering ma- 
terials. This must be distinguished from the ‘‘true cohesive strength,” 
which is a function of the forces holding the atoms of a single crystal 
together. 
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Fig. 6. Thus all tests which deviate from the fracture-stress 
curve for 0.031 in. radius must be discarded because of stress- 
concentration factors at fracture that are different from unity. 
The specimens with very shallow notches (e.g., 5 per cent) ex- 
hibited necking of the cylindrical part of the specimen, in much 
the same manner as an unnotched bar, Fig. 13. This behavior 
results in an irregularly shaped notch which is not readily ana- 
lyzed for the purpose of determining the triaxiality at fracture. 


Fie. 13 Fracturep Tensite Test SpectmeEN A SHALLOW 5 
Per Cent Norca, SHOWING N®CKING OF CYLINDRICAL PoRTION 


The notch-strength ratio of specimens having a stress-concen- 
tration factor of unity and a readily determinable triaxiality, 
increases with increasing notch depth, as shown for a number of 
heat-treated steels in Fig. 14. According to the analysis dis- 
cussed previously, the triaxiality of a 50 per cent notched bar is 
approximately 0.3. The same analysis yields a triaxiality of 
nearly 0.4 for an 88 per cent notched bar with a radius of 0.031 
in. Presumably, according to Equation [5], a uniform triaxiality 
of nearly 0.5 could be obtained if a sufficiently deep and sharp 
notch were machined in a yery soft metal, thus resulting in a 
notch-strength ratio of nearly 2.0 (9). Previous tests on notches 
of other shapes indicate that this value can be exceeded only 
slightly by any type of stress raiser investigated so far (4). 

The results of the experimentation on heat-treated steels, 
which can be utilized for establishing the effect of triaxiality on 
the cohesive strength, are represented in Fig. 15. The available 
tests cover a considerable range of both triaxiality and plastic 
strain. Consequently, the effects of these variables on the co- 
hesive strength should be represented by a surface, having tri- 
axiality and plastic strain as the co-ordinates in the base and co- 
hesive strength as the ordinate. The contraction in area is 4 
readily determinable criterion of the amount of plastic strain pre- 
ceding failure. On the contrary, the determination of the tn- 
axiality at failure is complicated by the fact that the notch depth, 
and consequently the triaxiality, is usually greater at fracture 
because of progressing plastic strain, than that at the maximum 
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load where the triaxiality can be calculated from the notch- 
strength ratio, according to Equation [5]. However, the tri- 
axiality determined by means of Equation [5] can be corrected to 
the conditions at fracture by using the trend of the notch-strength- 
ratio curve, Fig. 14, to determine the increase in triaxiality corre- 
sponding to an increase in notch depth that accompanies progress- 
ing plastic strain. 

The dependence of the cohesive strength upon the magnitude 
of triaxiality and previous plastic strain is illustrated in Fig. 16, 
for a heat-treated low-alloy steel having a strength level of 
220,000 psi. Of the two factors affecting the cohesive strength, 
triaxiality has the larger effect, causing an increase of 40 per cent 
in the cohesive strength over the available range of triaxiality, 
whereas the greatest plastic strain observed caused an increase in 
fracture stress of only 20 per cent, approximately, over the value 
corresponding to the smallest observed strain. 

The effect of plastic strain on the cohesive strength can be ob- 
served more readily if the results shown in Fig. 16 are cross- 
plotted (versus plastic strain) at a constant triaxiality of 0.37, 
approximately, Fig. 17. The increase in cohesive strength with 
increasing strain confirms the trend previously observed for the 
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50 per cent notches, corresponding to a triaxiality of 0.3, approxi- 
mately, Fig. 9. 

It is now possible to explain the hitherto unexplainable effects 
upon fracture stress of notch radius and strength level, as shown 
in Fig. 7. For the more ductile conditions, 145,000-psi and 
190,000-psi strength levels, the fracture-stress versus notch- 
radius curve exhibits a slight minimum at a notch radius of 0.004 
in. and a definite maximum at a radius of 0.062in. These effects 
are due to the variations in the amount of strain preceding frac- 
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ture (or ductility), Fig. 8, and the triaxiality, as determined from 
the notch-strength ratio, Fig. 5. Since the fracture stress in- 
creases with increasing triaxiality, as discussed previously, the 
curve in Fig. 7 should rise from a minimum at infinite radius to a 
maximum at 0.062 in. radius and remain constant for all smaller 
values of notch radius, thus reflecting the shape of the triaxiality 
curve, Fig. 5. However, because of the fact that the cohesive 
strength increases with increasing plastic strain and the ductility 
decreases rapidly with decreasing radius, the fracture-stress curves 
in Fig. 7 do not rise as rapidly as would be expected in the range 
from infinite radius to 0.062 in. radius. 

In the range of radii from zero to 0.062 in., the effects are due 
entirely to the strain preceding failure, and reflect the shape of 
the ductility curves in Fig. 8. The sharp decrease of fracture 
stress with decreasing radius from a maximum at 0.062 in. radius 
to a minimum at 0.004 in. radius reflects the rapid decrease of 
ductility in this range of radius. There is even a perceptible in- 
crease in fracture stress with decreasing radius in the range from 
zero to 0.004 in., mirroring the corresponding increase in ductility. 

The shape of the fracture-stress curve, Fig. 7, for the more 
brittle condition, 240,000-psi strength level, may be explained in 
a similar manner in the range of radii from 0.031 in. to infinity, 
where the ductility is above 2 per cent, Fig. 9. For radii less 
than 0.031 in., where the ductility is less than 2 per cent, the 
fracture stress is influenced by the deviation of the stress-concen- 
tration factor from unity, as explained previously. The decrease 
in fracture stress with decreasing radius is caused by the increase 
on stress-concentration factor, Fig. 11. This effect is augmented 
by the decrease in ductility in this range, Fig. 8, as discussed pre- 
viously. 

The dependence of the cohesive strength upon the stress state 
has been the subject of numerous speculations, but so far only a 
small amount of experimental work has been done in this field. 
Some such “conditions of fracture’ are diagrammatically rep- 
resented in Fig. 18, using an arbitrary scale. 

The ‘‘maximum stress condition” that had been almost uni- 
versally accepted for a long time is characterized by the fact that 
fracture occurs when the greatest tensile stress reaches the tensile 
strength in pure tension 


where Sro is the fracture stress in pure tension. 

This conception does not agree with the results of experimenta- 
tion on notched tensile-test bars (17, 18). It also does not ex- 
plain the observation (19) that a cohesive fracture can be obtained 
under the action of biaxial compression in the plane of fracture. 

The experimental values of cohesive strength Sp, Fig. 16, de- 
viate only slightly from the “maximum shear condition” 


where S,7 is the transverse stress. This equation, however, also 
represents closely the condition of plastic flow. Therefore, the 
conception that the cohesive strength conforms to the maximum 
shear condition is not compatible with the observations that the 
addition of transverse tension (in both directions) reduces the 
ductility, as observed in notched-bar tensile tests, while the addi- 
tion of transverse compression increases the ductility, such as in 
testing of dies under internal pressure (20). Apparently the 
condition of fracture is nearly, but not exactly, the same as the 
maximum shear condition. 

Therefore, as a first approximation to the correct condition of 
fracture, the “maximum strain condition” fulfills the require- 
ments discussed previously. This condition is characterized by 
the fact that fracture occurs when the maximum elastic strain 
ép equals that in pure tension. Applying the equations of elas- 
ticity, the condition is given by 
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Sp = Sro 2mS coe [9] 


where m is the Poisson ratio, being approximately 0.30 for steels. 
This condition yields values of fracture stress between those de- 
termined by the maximum stress condition and the maximum 
shear condition, Fig. 18. 

If the Poisson ratio in Equation [9] is given a value of 0.5, 
representing pure plastic flow, then the maximum shear condi- 
tion, Equation [8], is obtained. Likewise, if the Poisson ratio in 
Equation [9] is set equal to zero, the maximum stress condition 
of failure, Equation [7], results. Thus a wide variety of fracture 
conditions can be represented by using different values of m in 
Equation [9], these values being only fictitious, of course, regard- 
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ing the ratio of transverse to longitudinal strain, i.e., the defini- 
tion of the Poisson ratio. Apparently, a fictitious value of the 
Poisson ratio of 0.4 approximately, intermediate between the 
maximum shear condition and the maximum strain condition 
and rather close to the maximum shear condition, represents 
failure condition that agrees with the experimental results, Fig. 
16. 

The frequently observed embrittling effect on steels of triaxial! 
tension can now be explained on the basis of the fundamentals 
described. As the triaxiality increases, the flow stress (shown by 
the dotted curve in Fig. 16) increases more rapidly than the co- 
hesive strength. The difference between these two strength 
characteristics is roughly proportional to the ductility, as ex- 
plained previously and, consequently, the ductility decreases as 
the triaxiality increases. 

The basic relations involved in the effects of triaxiality on duc- 
tility and fracturing may be observed more clearly by the use of 4 
three-dimensional schematic diagram showing the effects of plas- 
tic strain and triaxiality on the flow stress and cohesive strength, 
Fig. 19. For any given triaxiality, as plastic strain progresses, the 
flow stress increases more rapidly than the fracture stress, until 
the two quantities are equal, and fracture occurs. The amount 
of strain preceding failure (ductility) depends on the initial dil- 
ference between the flow stress and fracture stress. Since this 
difference decreases with increasing triaxiality, the ductility also 
decreases. 
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Apparently, a small displacement of either surface toward the | 
other may cause full embrittlement of an otherwise very ductile Bi ” 
steel. Thus increasing the speed of deformation or lowering the 
temperature, among other factors, causes an increase in flow 
stress; and some metallurgical factors, such as a large grain, ) peal 
may cause embrittlement because of a slight decrease in cohesive A. T™~ | 
strength. 
Cold work also appears to influence these two fundamental j nee | é 
metal characteristics in a similar manner, i.e., curves of cohesive / 
strength and flow stress versus plastic strain both have an up- | : 
ward trend. Consequently, a slight vertical shift in either curve ” | 
causes a large change in the plastic strain at which the two curves : ‘ 3 4 | 
intersect, i.e., the fracture strain, or ductility. The wide varia- 
tions in ductility encountered under border conditions of brittle- | 
ness might be explained in this manner (1). 0 | g z 
@ 
COMMERCIAL SIGNIFICANCE OF CONCENTRIC AND ECCENTRIC s 
; Probably because of the susceptibility of metals to large changes § a | Oa ee 
: in ductility under conditions of triaxiality, as discussed in this a ge 
: paper, a regular tensile test fails entirely to characterize the i ‘a 
service properties of a heat-treated steel. Small variations in 
hardness, in structure, or in the testing conditions, generally re- : yr at 
’ es - ’ AND TRIAXIALITY ON FLOW STRESS AND COHESIVE STRENGTH, AND <4 
sult in only small changes of strength and ductility, which appar- Resuttine Errevt or TRIAXIALITY ON DuctILity = 
ently are of little practical significance. 
On the contrary, both notched-beam impact tests and static — similar significance is obtained if the energy consumed is meas- : 
| notched-bar tensile tests respond to basic changes of the metal ured, i.e., if the product of ultimate strength and notch ductility Z < 
: properties with corresponding changes of test values. The con- is formed, Fig. 20. 
: ventional notched-beam impact test, of course, yields only an Beyond supplying such a rather complex metal characteristic, 
‘ energy value. From the notehed-bar tensile test, a value of — the regular cconcentric) sharply notched-bar tensile test indi- 
4 cates in a particularly sensitive manner the de- 
60 T crease in inherent ductility of the metal if the ductil- 
Q (SAE. 3/40 ity is below a certain limit (5, 7). As long as the 
4 T 0.950" %.005 notch ductility of a steel exceeds a certain small 
} S 1 value, say 2 per cent, the ratio of notch strength : 
t CW q @ to ultimate strength is practically only a function 
of the notch depth, e.g., 1.5 for bars provided with 
SHARP Q.320" +. 005 ’ 
— a 50 per cent 60-deg v-notch and consequently, 
2 hs | Paae T T t only the notch ductility, but not the strength, indi- 
20+— L On cates the detrimental effects of any embrittling fac- 
NOTCH tor. If the ductility is small, however, the notch 
0450" 0002 strength will be only a fraction of the ultimate 
: 4 : strength, Fig. 21, and thus the notch strength limit 
~ of approximately 200,000 psi, beyond which struc- ~ 
7 400 600 800 1000 tural steels exhibit this deficiency, appears to cor- 
TEMPERING TEMPERATURE (/2HR), OF respond closely to their useful service limit. 
: , Furthermore, if notched bars are tested eccentri- 
Je 4 cally in tension (7,8, 10), theirstrength becomes de- oe 
a % 6000 ay pendent primarily upon their ductility even for due- 
3/40 | tility values considerably above 2 percent. This 
th Ms conclusion may be reached by either theoretical or S 
< : | experimental investigation, Fig. 22. Such an ec- 
‘i K 4000 ° centric notched-bar tensile test, therefore, supplies 
2 a measure of the metal ductility, which can be de- 
1e- q bs termined not only more readily but also considerably 
fa : . more accurately than other ductility characteristics : 
as- f practical significance, such as the notch duc- 
a 3 2000 T ot pra 
th, 2 tility in a concentric notch test. 
-- 
unt The following conclusions have been drawn from 
dil- ree notched tensile tests of heat-treated low-alloy steels. 
this 2 TEMPERING TempenaTuRE hw), °F Since this was the only material investigated, it is 
also Fic. 20 Comparison Berween Impact ENercy ror Two Types or Impact possible that some of the conclusions may not be 
SPECIMENS AND WorK ConsuMep IN NorcHep TensiLe Tests applicable to other materials. 
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1 Fora metal of sufficiently high ductility it is possible to 
measure the triaxiality in a notched bar by two methods which 
yield closely agreeing values. The triaxiality is independent of 
the plastic strain in the notch up to at least 5 per cent strain, and 
is independent of notch sharpness (ratio of notch radius to notch 
diameter) for values below 0.2. 

2 Any stress-concentration factor, however high it may be in 
the elastic region, is reduced practically to unity by an average 
plastic strain as small as 2 per cent. 

3 The technical cohesive strength increases with both increas- 
ing triaxiality and with increasing plastic strain. In the case of 
either of these variables, the rate of increase is slightly smaller 
than that at which the flow stress, or yield strength, increases. 

4 Under conditions of triaxial tension, the condition of frac- 
ture is between the ‘maximum shear stress condition” and the 
“maximum strain condition.” 

5 For many typical service conditions, concentric and eccen- 


JOURNAL OF APPLIED MECHANICS 


DECEMBER. 1945 


tric notched-bar tensile tests yield a more reliable criterion of the 
inherent ductility of a metal than a conventional tensile test. 
Consequently, a notched tensile test is a better measure of the 
suitability of a given metal for service conditions involving tri- 
axial tension than the unnotched tensile test. 
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Appendix 


Discussion OF SOME QUALITATIVE CONCEPTIONS: 


Some of the important conclusions of the paper are based upon 
conceptions which have not been developed in detail, for the sake 
of the continuity of thought. Therefore it appears necessary to 
discuss these conceptions more completely in order to clarify 
some of the statements which might otherwise be considered as 
unfounded, and in order to avoid certain misconceptions which 
might arise regarding the conditions of stress and strain in 
notched tensile tests. 

Notch Ductility. It must be emphasized that the physical sig- 
nificance of the notch ductility has not been clarified as yet. 
The “notch ductility” is defined as the per cent contraction in 
area of the cross section at the bottom of the notch. It is there- 
fore the average of the radial strains (at fracture) which cer- 
tainly vary within wide limits. The notch ductility has been 
used as a measure of the fracturing strain, i.e., the true ductility, 
and this has caused considerable controversy. 

The strain at the surface is usually high, and for a test bar with 
a sharp notch it reflects the high stress concentration in the 
elastic region. At the surface the radial stress is zero, and a 
stress state exists similar to that on the tension surface of a bend. 
Such a stress state has been found generally not to reduce the duc- 
tility to a value less than 50 per cent, approximately, of the duc- 
tility in pure tension. On the contrary, the test results show that 
the average strain at fracture may be only a few per cent, or 4 
very small value in comparison to the strain that may exist with- 
out failure at the surface. This means that any high strains at 
the bottom of a sharp notch must occur only in a layer that is 
very thin in comparison to the total cross section, such as shown 
schematically in Fig. 23. 

Although it is likely that a high local strain occurs at the bot- 
tom of a sharp notch at the moment of fracturing, thé fracture is 
obviously not determined by this value, but by a much lower 
value at the point where the combined effects of triaxiality and 
stress concentration result in a maximum tendency to fracture. 
Although neither the exact location of the beginning of failure 
nor the accurate strain distribution is knownh, all evidence at the 
present time points toward the conclusion that fracture begins 
below the notch bottom, i.e., at some point within the region A-B 
in Fig. 23. Consequently, the notch ductility should be an ap- 
proximate measure of the true ductility, being probably slightly 
higher than the local strain at failure. It might be expected that 
the failure would begin at the notch bottom where the strain is 
very high. However, the triaxiality is zero at the notch bottom, 
and the stress conditions that are most conducive to failure occur 
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at a point considerably below the notch bottom. This phenome- 
non may be observed directly in a tensile test of a notched strip 
and indirectly by the appearance of the fracture surface of 
notched cylindrical specimens. Furthermore, the fact that the 
fracture stress is independent of the radius over a wide range (7) 
can be explained only by the fact that the fracture originates at 
a point well below the notch bottom where the triaxiality is high 
and fairly uniform, and where it is unaffected by the thin layer of 
metal at the notch bottom that is subjected to biaxiality only. 

Thus it appears quite reasonable that the true ductility, or 
true fracturing strain, déviates only slightly from the notch duc- 
tility, even for test bars with comparatively sharp notches where 
the strain distribution at fracture is highly nonuniform. 

Reduction of Stress-Concentration Factor by Plastic Strain. 
The conception that a small plastic strain will reduce any elastic- 
stress-concentration factor, however high, practically to unity is 
difficult to comprehend and cannot be proved directly on the 
basis of existing experimental evidence. 

In discussing the subject of stress-concentration factor, it 
must be recognized that any nonuniformity of stress distribution 
at fracture is a combination of at least three phenomena: (a) 
The stress concentration due to the contour of the notch that re- 
mains from the elastic state; (b) the variation in stress which is 
necessary to overcome the varying resistance to plastic deforma- 
tion over the cross section, this in turn being caused by the non- 
uniformity of strain (and resulting strain hardening); (¢c) the 
variation in longitudinal stress that corresponds to the variations 
in triaxiality from zero at the notch bottom to some finite value 
at the center of the bar. The first of these factors is responsible 
for the largest part of the nonuniformity existing at very small 
plastic strains, but this portion of the nonuniformity is apparently 
almost completely eliminated by a sufficient amount of additional 
plastic strain. On the contrary, the nonuniformity of longitudi- 
nal stress resulting from nonuniform strain-hardening and non- 
uniform triaxiality, although of small magnitude, is not changed 
appreciably by further plastic strain. Consequently, a condition 
of uniform longitudinal stress is never completely reached in a 
notched-tensile-test bar. 

Although the reduction of the stress-concentration factor 
nearly to unity by small plastic strains cannot be proved di- 
rectly, a number of independent items of evidence described pre- 
viously indicate the validity of this conception. Furthermore, 
it can be shown that the experimental results are not compatible 
with any other conception. Consider, for example, the values 
of stress-concentration factor that would be obtained by assuming 
a stress-concentration factor of 1.5 at r/d = 0.2 rather than unity 
as assumed previously. Under these conditions the true fracture 
stress at r/d = 0.2 would be 1.5 times the experimental value. 
Using this value of Sp in Equation [6], values of stress-concentra- 
tion factor for other radii can be obtained, Fig. 24. The results 
disagree radically in two respects with the conceptions just dis- 
cussed and represented qualitatively by the solid curves of Fig. 
24, in that the curves for all the strength levels become (a) 
nearly parallel and (6) approximately horizontal above a value of 
r/d of 0.05, where the stress-concentration factor is still considera- 
bly different from unity. 

It seems unreasonable that the stress-concentration factor 
should decrease (with increasing notch radius) at the same rate 
for different strength levels in the range of large radii, whereas the 
rate of decrease is widely different for different strength levels 
in the range of small radii. Likewise, it seems unlikely that a 
certain plastic strain (corresponding to a strength level of 190,000 
psi, for example) would reduce the stress-concentration factor by 
more than 90 per cent for small radii, whereas an even larger 
strain, Fig. 7, reduces the stress concentration factor by less than 
60 per cent for large radii. 


A-251 


AVERAGE 
TRAIN 


LONG/ITUD/NAL STRAIN — PERCENT 


Fic. 23. Scnematic or Strain aT FrRac- 
TURE OF Aa NotcHep TENSILE-Test SPECIMEN Havinc a SMALL 
AVERAGE DvuctTILIty 


In view of these inconsistencies between the experimental re- 
sults and certain basic relations, when a stress-concentration fac- 
tor at fracture other than unity is assumed to exist in the range of 
high strains and large radii, it must be concluded that the stress- 
concentration factor is unity under these conditions; thus the 
true picture of the effects of notch radius and plastic strain on the 
cohesive strength and stress-concentration factor is given in Figs. 
7, 10, and 11. . 
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Parallel Columns With Common 
Lateral Supports 


By H. L. LANGHAAR,! SAN DIEGO, CALIF. 


Problems in the stress analyses of semimonocoque air- 
craft structures have suggested the investigation of the 
stability of a system of closely spaced, equally stressed, 
parallel columns with lateral bulkhead supports. The 
theory presented in this paper establishes a correlation be- 
tween this problem and the problem of stability of a single 
column with lateral spring supports. Since the theory 
for the latter case has been developed by several authors,’ 
the correlation effects a solution of the more general 
problem. 


INTRODUCTION 


TRESSED-skin aircraft structures exhibit numerous ex- 
S amples of parallel columns which are laterally supported by 

cross-members. A typical example is the set of stringers on 
the upper surface of a wing structure, Fig. 1. The primary func- 
tion of the stringers is to carry compression loads which form 
couples with the loads in the lower tension flanges to react the 
wing bending moments. Premature buckling of the plate- 
stringer combination under the action of the compression loads 
is prevented by the lateral supporting action of fore-and-aft 
(chordwise) trusses, called “bulkheads.”’ However, if the bulk- 
heads are light, the wing structure may experience a general 
instability failure that is characterized by participation of the 
bulkheads in the buckling. The design of the bulkheads there- 
fore logically requires investigations of stability. 

These investigations apparently do not fall within the scope 
of the theory of a single laterally supported column,? because 
a bulkhead is not a spring, but effectively, a set of coupled 
springs. The coupling naturally causes mutual influence among 
the stringers. Nevertheless, for the practically important case 
in which the bulkheads are all alike, the following theory shows 
that there is actually no difference between the multiple-column 
problem and the single-column problem. The equivalence re- 
sults from the fact that the spring coefficient in the theory of a 
laterally supported column becomes replaced by a constant 
that is uniquely determined by the elastic characteristics of a 
bulkhead. By virtue of its significance this constant may be 
termed an “effective spring coefficient,” although only with the 
connotation of a buckling phenomenon. 


‘Structural Research Engineer, Consolidated-Vultee Aircraft 
Corporation. 

* An excellent discussion of this theory is given in the following 
reference: ‘Column With Equal-Spaced Elastic Supports,” by 
Shou-Ngo Tu, Journal of the Aeronautical Sciences, vol. 11, Jan., 
1944, p. 67. For less extensive treatments see, ‘‘Theory of Elastic 
Stability,” by S. Timoshenko, McGraw-Hill Book Company, Inc., 
New York, N. Y., 1936, p. 100; ‘‘Airplane Structures,’ by A. Niles 
and J. Newell, John Wiley & Sons, Inc., New York, N. Y., vol. 2, 
1943, p. 296. . 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, New York, N. Y., Nov. 26-29, 1945, of 
Tue AMERICAN SocteTy OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until one month after final publication of the paper itself 
in the JouRNAL or APPLIED MECHANICS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of authors and not of the Society. 
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The existence proof for effective spring coefficients of course 
does not embrace all of the conditions that occur in practice. 
Bulkhead stability is invariably influenced by perturbations 
such as effects of camber, inequalities among stringer stresses, 
rotational restraints of bulkhead chord members, lower surface 
support of bulkheads, and special peculiarities of short columns 
and plate-stringer combinations. The study of these matters 
remains a subject for extended experimental and theoretical 
investigation. 


EXISTENCE OF EFFECTIVE SPRING COEFFICIENTS FOR BULKHEADS 


In order to illustrate the parallelism between the theories of a 
spring-supported column and a_ bulkhead-supported plate- 
stringer combination, the former theory is surveyed from a general 
point of view. A convenient inroad to this theory is afforded 
by the theory of beam columns, for a column with lateral spring 
supports and fixed end supports may be regarded as a beam 
column which carries n concentrated side loads p;, po, ... P,, that 
are proportional to their (negative) deflections. The theory® 
of such members shows that the deflection at the point of ap- 
plication of the 7th load is represented by an equation of the form 


in which (A,;) is a symmetric matrix whose terms are trigono- 
metric functions of the axial load, the flexural stiffness, the 
column length, and the co-ordinates of the several loads. The 
buckling load for a column with elastic side supports is deter- 
mined by setting y; = p,/C;, wherein C; denotes the spring con- 
stant for the ith support. Then Equation [1] becomes a homo- 
geneous system in the variables p,, pz, ..., and, for the existence 
of a nontrivial solution, their determinant must vanish. The 
resulting equation among the coefficients A,;; determines the 
buckling load. 


’ Equation [1] is immediately derivable from Equation [13] of the 
following reference: ‘‘Theory of Elastic Stability,” by S. Timo- 
shenko, McGraw-Hill Book Company, Inc., New York, N. Y., 1936, 
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For the treatment of the analogous problem for a plate- 
stringer combination with bulkhead supports, the skin and the 
stringers are conceived to comprise a set of parallel infinitesimally 
narrow columns. Attention is focused on a strip of these col- 
umns with unit width.‘ This is effectively a beam column which 
carries side loads p;, p2, ... that represent the intensities of reac- 
tions of the several bulkheads upon the plate-stringer combina- 


tion. The load intensities p; are of course functions of the ° 


chordwise co-ordinate z, e.g., the distance aft of the front spar, 
Fig. 1. 

The elastic characteristics of a bulkhead are most readily 
formulated by the “Green function” or ‘influence function’ 
which is often used in general structural theory. To define this 
function it is imagined that the stiffness of the plate-stringer 
combination is eliminated, and that a unit concentrated load is 
applied to a bulkhead chord at a point whose chordwise co- 
ordinate is &. The resulting deflection of the chord member at 
any point z is then represented by the so-called “influence func- 
tion” f(z, £). Since the present considerations are restricted to 
the case of identical bulkheads, only a single influence function is 
required. 

By virtue of the superposition principle, the deflection of the 


chord member of the ith bulkhead due to an arbitrary dis- - 


tributed load p,;(z) may be expressed in terms of the influence 
function f(z, ~) by the equation 


in which w denotes the length of the bulkhead chord. Accord- 
ingly, Equation [1] yields 


Aj; p(x) = Ae, . [3] 


Because of the homogeneous character of Equation [3] non- 
trivial solutions exist if and only if a certain relation among the 
coefficients is satisfied. It is demonstrated’ that this relation is 
expressed by the following determinantal equation® 


in which C is an eigenvalue of the homogeneous integral equa- 
tion 


Since Equation [4] is identical in form to the equation which 
determines the buckling load for a single laterally supported 
column, the constant defined by Equation [5] is effectively a 
bulkhead spring coefficient. As in column theory, only the 
smallest buckling load has significance, and therefore atten- 
tion may be confined to the smallest positive eigenvalue of Equa- 
tion [5]. 

The constant C of Equation [5] admits of another physical 
interpretation which serves to transform the problem of effec- 


; ‘Due to the fact that a unit strip is considered instead of the en- 
tire plate-stringer combination, the effective spring coefficient C 
acquires dimensions of stress. However, it is not essential to em- 
phasize this circumstance by the use of the precise terminology 
‘“‘spring-coefficient intensity,’’ since the moment of inertia J of the 
strip has the dimension [ L*], and therefore the basic column parame- 
ter CL*/ EI remains dimensionless. 

5’ See Appendix. 

* 6;; denotes the Kronecker delta, i.e., 5;; = { ; ~ ; + ; 
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tive spring coefficients into an eigenvalue problem of differential 
equations. For it is seen that Equation [2] signifies that a neces- 
sary and sufficient condition for the existence of a bulkhead- 
chord load distribution p(x) which is proportional to the bulk- 
head-chord deflection y(z) is that the proportionality constant be 
an eigenvalue of the equation 


y(z) = C f y(t) f(x, &) dé 


Hence, in view of Equation [5], the effective spring coefficient 
for a bulkhead may be defined to be the smallest positive con- 
stant C for which the equation 


has a nontrivial solution. The following section gives a few 
applications of this relation. 


EFFEcTIVE SPRING COEFFICIENTS FOR SPECIAL Types OF BuLK- 
HEADS 


Flezural-Beam Type of Bulkhead. In some cases there are 
employed so-called ‘‘semibulkheads” which essentially 
flexural beams bridging the interspar chord. By elementary 
beam theory, the differential equation governing the deflection 
of such a bulkhead is 


p = By'* 


wherein B (= EJ) is the flexural rigidity of theb ulkhead. Hence 
Equation [6] yields 


—qty = 0, with qt = C/B 


The general solution is 

y = A, sinh qx + Az cosh gz + Ay sin gx + A, cos gz 
in which Aj, Az, As, Ag are arbitrary constants. 

If the bulkhead is hinged at its ends, then y = 0 and y’ = 0 
forz = Oandz = w. It follows 


A, = A; = A, = 0, qu = nr 


The smallest buckling load is obtained with n = 1. Then qu = 
whence 


It is also of interest to determine the coefficient C for a flexural- 
beam-type bulkhead with clamped ends. Then the end condi- 
tions are y = 0 and y’ = O for z = 0, and x = w. For the ex- 
istence of a nontrivial solution, it is then necessary that 


cosh gw + cos qw = 1 
Therefore, gu = 4.730, and it follows 


Equations [7] and [8] give the effective spring coefficients C 
for flexural-beam-type bulkheads, for both the hinged-end and 
the clamped-end conditions. It is seen that, as in column theory, 
the end fixity is a very important factor. 

Shear-Beam Type of Bulkhead. A bulkhead whose deflec- 
tion y is primarily due to shear deformation is said to belong to 
the shear-beam class. For such bulkheads 


S = \dy/dz 


where S is the shear at the section z of the bulkhead, and ) is 
the shear-rigidity constant for the bulkhead. Since, by stat- 
ics, p = —dS/dz, it follows 


p = —) d*y/dz* 
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Hence by Equation [6] 
d?y/dz? + Cy/v’ = 0 


The general solution of this equation is 
y = A, sin z+ A: cos 


and to satisfy the boundary condition y = 0, it is necessary that 
/ 
A; = Oand V C/A w = x; hence 


Lower Bounpbs FoR EFFECTIVE SPRING COEFFICIENTS 


Usually the structure of a practical bulkhead is such that the 
determination of the fundamental eigenvalue of Equation [5] 
presents insurmountable mathematical difficulties. It will be 
shown now that this eigenvalue may be conservatively approxi- 
mated, in any case, by a direct integration process. The demon- 
stration follows from several mathematical theorems. First, it is 
observed that Maxwell’s theorem on the reciprocity of loads and 
deflections signifies that the influence function f(z, £) must be 
symmetrical. Therefore, the following theorem’ on homogene- 
ous integral equations with symmetrical kernels may be applied: 

The smallest positive eigenvalue C of the integral Equation [5] 
is the reciprocal of the maximum value obtained in the class of 


integrals 
w w 
f f(z, o(z) drdé 
0 0 


where ¢(z) is any integrable, normalized function. 
It follows from the Schwarz inequality’ 


w 
0 0 


or, by virtue of the symmetry of the function f(z, & 


w w 1 
0 z 


The latter form restricts the variables of integration to a domain 
in which z is less than é, and therefore it admits a single analytic 
expression for the integrand. However, it is important to note 
that an analytical representation of the intergrand is not essen- 
tial for the application of Equation [10a]. Numerical integration 
methods* may be employed in cases where the function f(z, &) 
is tabulated by computation or experiment. If the bulkhead is 
symmetrical about its vertical center line, the numerical work 
is reduced by the observation that the function f(z, § is sym- 
metrical about both diagonals of the square that constitutes the 
domain of integration for the integral Equation [10]. Sym- 
metry about one diagonal follows from Maxwell’s reciprocal 
theorem, and symmetry about the other diagonal follows from 
point symmetry about the center of the square, which, in turn, 
is due to the strpctural symmetry of the bulkhead. 

The special bulkheads investigated in the preceding section 
furnish interesting evidence that the inequality Equation [10a] 
is not exceedingly conservative when it is used as a design cri- 
terion. For the case of a flexural-beam-type bulkhead with 
hinged ends, the influence function for the range z < fis 


?“Methoden der Mathematischen Physik,” by R. Courant and 


ee Interscience Publishers, New York, N. Y., vol. 1, 1931, p. 


5 Ibid., p. 40. 
* By a natural generalization of the trapezoid rule, a double inte- 
gral may be approximated by a sum of prismoidal volumes. 
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f(iz,) =— a(w — — 2 wt + 


The integration of Equation [10a] then yields 


C > V9450 B/w* 


By comparison with Equation [7] it is seen that this relation 
differs from an equality by 0.2 per cent. 

For a flexural-beam-type bulkhead with clamped ends, the 
influence function for the range z < & is 


f(z, = (w— (w +28) 23 
2 Bw? 6 Bw? 


Hence, by integration of Equation [10a] 
C = 495.5 


and, by Equation [8], this relation differs from an equality by 1.0 

per cent. 

For a shear-beam-type bulkhead, the influence function for the 
range z < 

— 


Aw 


The integration of Equation [10a] then yields 
C = V90 


and, by Equation [9], this relation lacks 3.9 per cent of being an 
equality. 

It is also of interest to note that for the special case f(z, = 
constant; the relation Equation [10a] is an equality. 


APPLICATION OF RESULTS 


The curves of column theory? usually show functional relations 
between the ratio L/L’ and the parameter CL?/EI for various 
numbers of intermediate supports. Here C denotes the com- 
mon spring coefficient for the lateral supports, EI the flexural 
stiffness of the column, L the spacing between consecutive sup- 
ports (bulkhead spacing), and L’ the reduced column length." 
Hlowever, it is frequently convenient to employ the abscissa 
Cr*L*/PL’?, which, by the Euler column formula, is equivalent 
to the parameter CL?/EJ. It is then a routine calculation to 
derive curves which exhibit L/L’ as a function of CL/P. De- 
sign loads and proportions must be such as to maintain con- 
sistency with these curves and with plate-stringer column curves 
of P versus L’. 

The particular advantage of the parameter CL/P for engineer- 
ing design lies in the fact that the compression load P is usually 
approximately fixed by structural specifications or require- 
ments. Furthermore, this parameter remains unambiguous when 
modifications of column theory are introduced into plate-stringer 
design. The foregoing formulas for effective spring coefficients 
insure the nondimensionality of the parameter CL/P if P de- 
notes the compression load intensity (pounds per chordwise inch). 
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10 In the present case, L’ may be greater than L. 
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Appendix 


EXISTENCE PROOF FOR EFFECTIVE SPRING COEFFICIENTS 


The theorem which forms the basis of the theory outlined is the 
following: 

“A necessary and sufficient condition that Equation [3] admit 
a nontrivial solution is that there exist a constant C which is a 
root of the determinantal Equation [4] and an eigenvalue of the 
homogeneous integral Equation [5].” 

The proof of sufficiency is immediate, for Equation [4] signi- 
fies that there exist constants a;, not all zero, such that 


n 
In conjunction with Equation [5], this equation vields 


n 
w 


Aj; a; = a; f(z, dé 
j=l 
and therefore Equation [3] is satisfied with p,;(x) defined by 
p(x) = a; Q(z) 

To show that the theorem expresses necessary conditions 
we let C be a root of the algebraic Equation [4], and define con- 
stants a; by Equation [11]. Multiplication of Equation [3] by 
a; and summation with respect to 7 then yields 


Aj; a; p(x) = f a; f(x, &) dé 


i=l j=l i=] 


n 
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‘yhence, by virtue of the symmetry of the matrix (A,,) 


n 
w 


j=l i=] 


n 


Thus Equation [5] is satisfied with q(x) defined by 


q(z) = {12} 
provided that this function does not vanish identically. 

To dispose of the possibility that q(x), defined by Equation [12] 
be a null function, the following geometrical argument is em- 
ployed: 

The vanishing of the function 


n 


(x) 
j=l 
signifies that the vectors a; and p,; are perpendicular. But it is 


known by the transformation theory of quadratic forms that a 
vector a; which satisfies Equation [11] coincides with a principal 


axis of the form 
n n 
> Ay jugu; 


i=l j=l 
Since the principal axes of this form are n mutually perpendicular 
lines in an n-dimensional space, it is impossible that the vector p; 
be perpendicular to all of them. Therefore, by proper selection 
of the root C of Equation [4], the vanishing of the function q(z) 
may be avoided. 
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Basic Mechanics of the Metal- 
Cutting Process’ 


L. H. Donne.u.? This analysis of the geometry and mechanics 
of chip formation is very interesting. While numerous simplifica- 
tions have obviously been made, it seems likely that this work 
will prove to be a useful approximation and, in addition, provide 
a starting point for closer approximations. It is to be hoped, 
however, that the author will supplement it with a detailed com- 
parison of the theory with available experimental data. 

It seems highly important to discuss the approximations which 
have been made. Consideration of the chip as a free body is un- 
doubtedly a proper starting point for studying the force relation- 
ships involved. However, a factor which has been disregarded 
is the inertia force on the chip. The material of the chip has a 
small velocity in the direction of the original work surface just 
before it reaches the plane of shear, and a relatively large velocity 
along the tool face just after this point. The change of mo- 
mentum involved is equivalent to an inertia force on the chip 
which is equal to the mass of chip formed per unit time, times 
the vectorial change in velocity. This inertia force will become 
more important as the speed of cutting increases. 

The resultants of the normal and friction forces on the face of 
the tool, and of the compressive and shearing stresses on the 
shearing surface, have been drawn as if these forces were uni- 
formly distributed over the surface involved. This does not affect 
the calculations made, since the equation of equilibrium of 
moments has not been used. However, it is well to keep in mind 
that these distributions are probably far from uniform, and the 
resultants are probably much closer to the tip of the tool in each 
case than is shown. 

The relationship between the friction and normal forces on the 
face of the tool shown in the figures would indicate a coefficient 
of friction of 1.5 or more. If experimental measurements of tool 
forces show such a relation, it probably does not mean that such 
high coefficients of friction actually exist, but that the force 
conditions have been too much idealized. It is assumed that 
forces act between the chip and the tool only along the flat face 
of the tool. Actually the point of the tool always has some 
curvature, however small, and the distribution of forces on the 
end of the tool may be something like that shown in Fig. 1 of 
this discussion. The true coefficients of friction involved would 
then obviously be quite different from the quantity » = F/N 
used in the paper, which might better be designated as an 
“apparent” coefficient of friction. 

Regarding the energy relationships discussed in the paper, it 
might be pointed out that the only truly “useful” work in cutting 
operations is that required to separate the material removed 
from the material remaining, along the original surface between 
them, that is, the work required to pull the molecules on one side 
of this surface out of the range of attraction of the molecules on 
the other side of this surface. This work would perhaps be of the 
same order of magnitude, per unit of area of the surface of separa- 
tion, as that involved in a notched-tensile-impact test. 


‘By M. E. Merchant, published in the September, 1944, issue of 
ee or AppLiep Mecuanics, Trans. A.S.M.E., vol. 66, p. 
3 Research Professor of Mechanics and Director of Mechanics and 
Aeronautics Research Laboratory, Illinois Institute of Technology, 
Chicago, Ill. Mem. A.S.M.E. 


Discussion 


This work is entirely neglected in the paper, the only work 
considered being that due to friction between the chip and the 
tool and that required for deforming the chip (after separation 


Fic. 1 or Forces oN ENp or 


from the work) into a shape in which it can be disposed of. This 
useful work is very likely negligible compared to the work con- 
sidered, but it should become relatively more important as the 
thickness of the chip decreases. 


JoseEPH GESCHELIN.’ The author and his organization are to 
be complimented upon the continuing program of fundamental 
research in the field of metal cutting. Although practical pro- 
duction men are interested in methods and techniques, we can 
appreciate that the basic approach to any problem must start 
with the development of theory, mathematical analysis, and 
finally a reduction to practice. The author’s company has done 
a splendid job of research in a field which has been dominated by 
practice and the experience of cut and try. Ultimately, the 
fruits of such fundamental research, as represented in this 
paper, needs must provide the basis for better understanding 
and still greater accomplishment in the machine shops of this 
country. 


F. W. Lucut.* The author’s mathematical approach to the 
metal-cutting process is another step in the right direction. It 
offers a means whereby we can take some of the cut and try 
out of perplexing research problems. 

We have always found that we can overcome our most difficult 
cemented-carbide-application problem much more quickly when 
we approach it in terms of fundamental quantities. The author’s 
analysis should assist us in obtaining a far better idea of the 
distribution of the cutting forces, the frictional forces and their 
magnitude than we have ever had in the past. 

We admire the way the author has stepped into the con- 
troversial subject which he refers to as “‘orthogonal cutting” and 
“oblique cutting” and shows that with “orthogonal cutting” the 
chip flow is perpendicular to the cutting edge and with ‘oblique 
cutting” the direction of chip flow is no longer perpendicular to 


3 Detroit Editor, Chilton Publications, Detroit, Mich. 


4 Development Engineer, Carboloy Company, Ince., Detroit, 
Mich. Mem. A.S.M.E. 
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the cutting edge but makes some definite angle with it. This con- 
firms our findings and we are glad to have it included in this paper. 

The writer does not know if the terms “orthogonal cutting” 
and “oblique cutting” have been accepted by the Committee on 
Nomenclature. It is well that they have been brought forward 
for consideration before the final compilation of our new ‘‘Metal- 
Cutting Manual.” 

It would be interesting to consider a continuation of these two 
analyses when using cemented-carbide-tipped tools for cutting 
steel and determine what happens to the various quantities, 
which subject the author has covered, while the tool is in the 
process of dulling. In other words, what effect does the “‘cratering 
action’’ on the face of the tool and the abrasive wear on the flank 
of the tool immediately below the side cutting edge have on the 
distribution of the cutting forces, the frictional forces and their 
magnitude? This is important because no tool stays sharp very 
long. 

A cutting tool seems to dull quickly up to some definite degree 
of dullness and then it will run a long period of time before it has 
to be removed. Possibly someday we will have a mathematical 
means of determining that combination of ideal cutting-tool 
angles for any given steel-cutting operation. 


W.H. Otpacre.* The author and his associates are to be com- 
mended for their persistent efforts to reach an understanding of 
the basic principles of metal cutting and for the fine spirit of 
co-operation in which they frequently bring the results of their 
hard work to our attention. The metalworking industry suffers 
greatly from the fact that so few brilliant scientific minds have 
found these problems worthy of attention. 

The present paper amplifies the previous work of the author 
in relating the formation of the chip and its obvious structural 
characteristics to ‘‘shear,” the result of forces developed at the 
tool face. Fig. 4 of the paper presents the development of the 
chip on the basis of shearing strain according to the author’s 
concept: ‘For convenience the cutting process is pictured as 
consisting of the displacement of a series of plate-like elements of 
a thickness AX through a distance AS. (strain = +) In 
actual practice AX of course approaches zero.” 

Then, of course, if AS is assumed to have any finite value 
strain approaches infinity, and the whole concept approaches 
impracticability. 

While shear is a useful mechanical and structural concept, this 
application calls for more thorough analysis and precise definition. 
The science of rheology is yet in its infancy, but it seems probable 
that it will throw more light on the mechanisms of chip forma- 
tion than will the better established concepts of general me- 
chanics. 

It seems highly improbable that a full explanation of the 
dynamic phenomena of metal cutting will be found in a series of 
balanced and therefore static-force diagrams as presented by the 
author. Rather such an explanation must be sought in a study of 
materials and their behavior in various conditions of fluid, 
plastic, and elastic flow. 

Further, a careful investigation of the mechanism of edge 
penetration would seem to offer very interesting possibilities. 
Obviously, an edge is a means of applying highly concentrated 
stresses so that the edge moves forward as the highly stressed 
material ahead flows or fractures and is displaced. Motion con- 
tinues until contacts between the sides of the edge-supporting 
structure and the sides of the cut distribute the stresses, and an 
equilibrium is reached. Close association of the edge with a 


5 President and General Manager, D. A. Stuart Oil Company, 
Chicago, Ill. Mem. A.S.M.E. 
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wedge-shaped supporting structure has tended to turn our atten- 
tion from the all-important function of the edge to the more obvi- 
ous possibilities of the wedge. 

It may be ventured in the light of the foregoing that the 
principal function of the chip is to get out of the way of the ad- 
vancing edge, and that such a noninterfering chip is formed by 
elastic compression ahead of the tool edge within the body of the 
workpiece and plastic flow and release of the highly compressed 
material. 

Further development of these concepts is neither fitting nor 
possible in reasonable comment. It is suggested that they offer 
an interesting field for profitable engineering speculation and 
investigation. 


AvuTHOR’s CLOSURE 


The author wishes to thank Messrs. Donnell, Geschelin, Lucht, 
and Oldacre for their comments. 

Professor Donneli’s analysis of the paper indicates considerable 
thought. It is certainly true that simplifications or approxima- 
tions have been made in treating the mechanics of cutting in this 
paper. This must always be done to some extent in analyzing 
any mechanical system. However, the author wishes to point 
out that the approximations made appear ordinarily to introduce 
negligible errors into computations made from the equations 
resulting from this analysis, over a rather wide range of condi- 
tions. This can be illustrated by presenting some typical data 
related to the particular approximations which Professor Donnell 
has considered in his discussion. 

The first of these deals with the omission of inertia forces from 
consideration in the analysis. The resultant inertia force on the 
tool, due to the change in velocity of the metal as it passes 
through the shear plane, lies in the direction of the shearing 
velocity (Figs. 5 and 9, of the paper), since the velocity change 
of the metal is a maximum in that direction, i.e., V,is the resultant 
velocity of the chip relative to the work. The velocity change 
for any other direction line under consideration is merely the 
component of V; along that direction line, and the inertia force 
in that direction is likewise the corresponding component of the 
resultant inertia force. For instance, in the case of orthogonal 
cutting, the inertia force acting on the tool in the direction of 
the cutting-force component F,, which is the component given 
greatest consideration in practice, can be readily shown to be 
given by 


pAo 
* g(1 + tan ¢ tan a) 


AF, = V 


where AF, = inertia force on cutting tool in direction of F, 
p = density of material being cut 
g = acceleration due to gravity. All other symbols are 
as defined in the paper 


To apply this equation to a typical case, consider the cutting of 
steel having a density of 490 lb per cu ft, using a chip thickness 
t, of 0.004 in., a chip width of 0.25 in., a rake angle of plus 10 deg, 
and a shear angle of plus 20 deg. Under such conditions, the 
inertia force would be 

AF, = 0.0001V 


where V, is expressed in feet per second and AF, in pounds. If 
the cutting speed were 400 fpm or 6.67 fps, then 


AF, = 0.004 lb 


Since, for such a case, when cutting with a sintered-carbide tool, 
the observed value of the cutting force F, is approximately 400 |b, 
it is evident that the theoretical error introduced into this value 
by the inertia force AF, is only about 0.001 per cent. It may be 
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DISCUSSION 


noted that the inertia force is proportional to the square of the 
cutting speed as is to be expected. However, neglecting the 
small decrease of cutting force which occurs with increasing cut- 
ting speed, for the purpose of illustration, it is found that even 
when the cutting speed has reached 12,000 fpm, the inertia force 
is only about 1 per cent of the total cutting force. The effects 
of the inertia force on any of the other force components dealt 
with in the paper are evidently of the same order of magnitude, 
and thus negligible ineall cases. 

The matter of the magnitude of the value of the “useful” work 
done in cutting (i.e., that required to separate the material re- 
moved from the material remaining), in comparison with the mag- 
nitude of that dissipated in friction and in deforming the chip, 
has been discussed briefly in another publication.* There it has 
been shown that the work required to create the new surfaces is 
of the order of 0.002 per cent of the total work done in cutting 
when the chip thickness ¢; is 0.001 in. Only when the dimension 
t, becomes of the order of 0.00001 in. does the ‘‘useful” work ap- 
proach 1 per cent of the total work of cutting. This confirms 
Professor Donnell’s prediction but emphasizes the fact that 
neglecting the work done in creating the new surfaces results in 
negligible error in all practical cases. 

Professor Donnell has questioned the existence of such high coef- 
ficients of friction as are indicated by the force relationships shown 
in the figures in the paper. Actually, there is good theoretical 
and experimental evidence to substantiate the existence of 
coefficients of friction between chip and tool of the order of 
unity. 

This has been discussed in the earlier publication given as ref- 
erence (4) in the paper. Here it was demonstrated experimen- 
tally that the values of the coefficients of friction of many metals 
rubbing on themselves or on other metals are often of the order 
of unity or greater, provided that the metal surfaces are chemi- 
eally clean. In the case of the surface of a chip which slides over 
the face ot a cutting tool, the metal comprising that surface can 
be expected to be extremely clean (in the absence of a cutting 
fluid) since the surface has been created from the solid metal by 
the cutting process. This clean surface in turn cleans the tool 
face by adsorption and abrasion. Thus the necessary conditions 
are present for the existence of values of friction of the order of 
unity. 

Values of this magnitude do result from calculations of u 
made with data collected from cutting tests made on steel or other 
metals, by application of Equations [10] or [28] of the present 
paper. Thus it seems likely that such calculated values repre- 
sent true coefficients of friction between chip and tool, rather than 
“apparent” values as suggested by Professor Donnell. 

However, he suggests that appreciable discrepancies may arise 
as a result of the rounded cutting edge of the tool and of rubbing 
between the flank of the tool and the surface produced on the 
work, thus altering conditions from the simple force relationships 
pictured in the paper, where all forces are assumed to act between 
the chip and the flat face of the tool. This he illustrates in Fig. 1 
of his discussion, but here again the simplification made in the 
paper in neglecting these additional forces apparently results in 
negligible error in usual cases. Thus Professor Donnell’s figure 
does not correctly represent the force distribution. A properly 
sharpened cutting tool, having the geometry of those illustrated 
schematically in the paper, ordinarily has a cutting edge with a 
radius of curvature which is quite small compared to the chip 
thickness ¢,. This fact is borne out by reference to Figs. 1 and 2 
of the paper. Hence the change in the force system due to this 
rounding must have a proportionately small effect. (The analysis 


*“Mechanics of the Metal Cutting Process I. Orthogonal Cutting 
and a Type 2 Chip,” by M. E. Merchant, Journal of Applied Physics, 
vol. 16, 1945, pp. 267-275. 
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is obviously not intended to apply with high accuracy to a truly 
dull tool.) Further, it can be seen that even an appreciable 
rounding of the cutting edge, such as pictured by Professor Don- 
nell, would actually have much less effect on the force distribution 
than that indicated in his figure, were it not assumed there that 
large values of force act for some distance back of the cutting 
edge on the flank of the tool (i.e., that appreciable rubbing occurs 
for some distance back on the flank). If downward forces of such 
large magnitude as indicated by Professor Donnell’s figure actually 
exist between the flank of the tool and the work surface, then the 
thrust componeot F; should be considerably affected by them. It 
would thus be expected that this component F; would vary ap- 
preciably if the clearance (relief) angle between the tool flank and 
the work surface were varied, since the amount of rubbing 
should thereby change. 

A series of orthogonal cutting tests was therefore made to in- 
vestigate this possibility, and the results are presented in Fig. 2 
of this closure. It is evident that over the range of clearance 
angles investigated (0.5 to 7 deg) the thrust component is entirely 
independent of the clearance. The same was found to be true 
ot the cutting-force component F,. Therefore it appears that the 
forces due to rubbing between the work surface and the flank of a 
sharp tool must normally be negligible in comparison with the 
forces acting on the face of the tool. This indicates that de- 
pendable values of F and N can be calculated from measure- 
ments of F, and F, in cases where the cutting tool is reasonably 
sharp. 
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The effect of the distribution of force along the tool face and 
the shear plane, mentioned by Professor Donnell, has been con- 
sidered briefly in replying to the discussion on an earlier publica- 
tion (see reference (4) in the paper). There the equilibrium of 
moments was applied, resulting in an explanation of the curling 
of the chip. 

Mr. Geschelin’s and Mr. Lucht’s kind comments are much ap- 
preciated by the author and his associates. The author heartily 
agrees with Mr. Lucht’s suggestion that mathematical analyses 
of the mechanics of cutting should give useful information in 
connection with tool-wear or tool-life tests. Of course, as previ- 
ously indicated, some modifications in the present analysis are 
necessary when applied to tools which are no longer sharp, but 
these can be made to suit the case. Even data taken during the 
earlier part of a tool-life run, when the tool is still reasonably 
sharp, give useful information about friction, forces, stresses, and 
geometry for use in correlation of the final tool-life value with the 
physical properties of the material. It is felt that this should be a 
very fruitful field for application of the equations developed in the 
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paper, and the author is glad to be able to report preliminary in- 
vestigations along this line under way. Such investigations are 
steps along the path toward the eventual goal mentioned by Mr. 
Lucht, and shared by the author, of placing the prediction of 
machinability and the design of cutting tools on a sound mathe- 
matical and engineering basis. 

Mr. Oldacre questions the mechanism of chip formation dis- 
However, his conclusion that = must 
approach infinity because AX approaches zero in practice is 
hardly in agreement with the concepts of differential calculus in 
regard to limits. It is evident from the geometry of Fig. 4 of the 
paper, that as AX approaches zero, AS must also approach zero. 


cussed in the paper. 


AS 
Then, as should readily be appreciated, the limit of the ratio AX 


will ordinarily approach a finite, definite value which depends upon 
the geometry of the system. Actually, for a system having the 
geometry shown, the limit approached is identical with the value 
of the ratio of the increments themselves at any time prior to their 
approaching zero. The purpose really served by the statement 
that AS approaches zero is not mathematical but physical, and 
merely indicates that the platelike elements are much exagger- 
ated in size in Fig. 4, and are, relatively speaking, infinitesimal in 
size in an actual cutting operation. 

Mr. Oldacre’s distinction between rheology and general me- 
chanics as separate sciences, which should lead to two different 
sets of conclusions concerning the mechanism of the cutting 
process, is misleading. Rheology is, of course, one particular 
branch of the mechanics of materials, wherein emphasis is placed 
upon the mechanical properties which materials exhibit in the 
plastic state and wherein use is made of the general principles of 
mechanics. Thus rheological considerations can be applied to 
many types of mechanical systems once their elementary mechan- 
ics are understood. 

This is true of the cutting process for, by making use of the 
elementary mechanics developed in the paper, rheological con- 
siderations can be applied to the system to give plasticity condi- 
tions which make possible the quantitative prediction of the geom- 
etry of chip formation from the force system, or vice versa. This 
has been done in a recent publication by the author.?. The rheo- 
logical findings there reported serve to confirm the assumptions 
made originally concerning the mechanism of formation of the 
continuous chip, since they agree very well with the experimental 
results. Thus this “study of materials and their behavior in 
various conditions of fluid, plastic, and elastic flow,” as ad- 
vocated by Mr. Oldacre, leads to no refutation of the mechanics 
presented in the paper, but serves further to corroborate the 
findings. 

Mr. Oldacre’s conclusion that a proper theory of chip formation 
should be based primarily upon the mechanism of edge penetra- 
tion is intriguing. The mechanism of edge penetration in the cut- 
ting of metal is clearly one of local plastic flow to either side of 
the advancing cutting edge, under the action of highly concen- 
trated stresses, as intimated in the discussion. However, since 
the regions involved are so small compared to the extensive areas 
subjected to shear and friction on the bulk of the chip, the 
author cannot see that this action plays a major role in determin- 
ing the mechanics of chip formation. The author suggests that 
Mr. Oldacre develop his theory based upon edge penetration to 
a quantitative stage in order that definite comparisons may 
be drawn. Otherwise, it appears that only speculation is 
possible. 


7‘*Mechanics of the Metal Cutting Process II. Plasticity Condi- 
tions in Orthogonal Cutting,’’ by M. E. Merchant, Journal of Applied 
Physics, vol. 16, 1945, pp. 318-324. 
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Nozzles for Supersonic Flow 


Without Shock Fronts' 


C. H. CooGan, Jr.?- The author has presented an interesting 
paper on the design of nozzle contours for compressible fluids 
flowing at supersonic velocity. 

In so far as the writer is aware, this attempt to arrive at an 
approximate method for designing shockless three-dimensional 
nozzles is the first which has appeared in the literature. 

In regard to the application of the Meyer-Prandtl-Busemann 
method to the two-dimensional nozzle, it appears to the writer 
that the author’s statement that this method involves errors of 
uncertain magnitude is questionable, since the accuracy of the 
computation by this method is under the direct control of the 
designer, i.e., the increments can be made as small as necessary. 

It would be of interest to show the difference in the contours 
for a two-dimensional nozzle to operate between a particular 
compression ratio designed (a) by the Meyer-Prandtl-Busemann 
method and (6) by the author’s approximate method. 

Figs. 5 and 7 of the paper indicate a sharp corner between the 
nozzle throat and the wedge or cone-shaped section; the writer 
wishes to know if this was true in the nozzles studied experi- 
mentally. Since the theory set forth by the author indicates 
that a nozzle must be of infinite length in order to avoid shock 
completely, exactly why were no shocks present in the nozzles of 
finite length tested experimentally? 

The inclusion of several of the Schlieren photographs men- 
tioned in the paper and a statement concerning the agreement 
between the work of Fréssel? on flow in straight tubes, and the 
pressure measurements mentioned by the author would be of 
considerable interest. 


H. W. Emmons.‘ The author has attempted to provide a 
simple method of design of nozzles and diffusers by an interesting 
combination of analyses in one and two dimensions. The re- 
sulting design method is one easily carried out by using his 
extensive table. However, in view of several of the assumptions 
made in his derivation, the resulting nozzle is not likely to be any 
better than one drawn freehand by anyone reasonably well ac- 
quainted with the method of design by ‘‘characteristics.”’ 

Before discussing what the writer considers to be the drastic 
assumptions, attention is called to an error of statement in regard 
to the method of characteristics. The author states in part, 
“This procedure involves the application of a flow pattern per- 
taining to a specific set of boundary conditions to a problem hav- 
ing a different set of boundary conditions. The method is 
therefore approximate and involves errors of uncertain mag- 
nitude.” This is a misconception based on the simple way in 
which the method is frequently ‘‘derived;’’ simple not only 
from the mathematical work involved but also from the point of 
view of the clarity of the physical picture presented. There 
exists, however, a general mathematical theory of partial-dif- 
ferential equations which shows that for supersonic flow the char- 
acteristics are real and hence can be plotted as described by 
Prandtl and Busemann, author’s bibliography (2). The approxi- 
mation can be made as accurate as desired by taking sufficiently 


1 By A. H. Shapiro, published in the June, 1944, issue of the 
JOURNAL oF AppLIED Mecuanics, Trans. A.S.M.E. vol. 66, p. A-93. 

2 Assistant Professor of Mechanical Engineering, The University 
of Connecticut, Storrs, Conn. Mem. A.S.M.E. 

3“Flow in Smooth Straight Pipes at Velocities Above and Below 
Sound Velocity,” by W. Fréssel, N.A.C.A. - TM844, Forschung auf 
dem Gebeite des Ingenieurwesens, March-April, 1936, pp. 75-84. 

4 Assistant Professor of Mechanical Engineering, Graduate School 
of Engineering, Harvard University, Cambridge, Mass. Jun. A.S. 
M.E. 
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DISCUSSION 


small steps. The error in this process is of no more “uncertain 
magnitude” than the error which results from the author’s 
proposed stepwise evaluation of the integral of his Equation [9]. 

Turning to the assumptions, the author is to be complimented 
on the clear way in which most of them are presented. The 
poorest of the assumptions, in point of effect on the results, is 
the author’s number 4—substantially “the velocity is uniform 
across any cross section of the nozzle.’’ Obviously, this is not 
exactly true since the curvature of the wall requires a pressure 
gradient and hence a velocity gradient in each section. Fur- 
thermore, the method of characteristics shows a considerable 
variation of the velocity at most cross sections of a nozzle or dif- 
fuser. We could of course agree to neglect these differences if 
they did not exert a majoreffect on the result. 

Before discussing the effects of the foregoing assumption, it is 
necessary to call attention to a related assumption used tacitly 
by the author. It is shown, correctly, in Fig. 2 of the paper, 
that converging Mach lines in a stream of rising pressure and 
falling velocity may lead to a compression shock. The word 
“may” is used advisedly, since it is obvious that the passage con 
sisting of the first three stream tubes below the curved foil of 
Fig. 2 is a curved, shock-free diffuser, in spite of the converging 
Mach lines. The unstated assumption as used by the author is: 
If Mach lines converge they will eventually cross (after reflection 
if necessary), after which a shock wave will appear. This as- 
sumption is in error in three particulars: (a) Mach lines pass over 
regions of varying Mach number and are therefore not straight. 
(b) When Mach waves are reflected from a wall, their effect (in 
the sense of the author’s Fig. 2) on the stream may change, and 
hence their convergence or divergence may change. (c) Mach 
lines in an expanding stream cannot cross. 

The combined effect of the author’s assumption 4 and the fore- 
going can now be illustrated. The waves 1 and 2, produced at 
A and B in the nozzle, “‘cause’’ certain changes in the velocity of 
the stream. If these changes are such (and they can always be 
so arranged) that on arrival at the wall the pressure at the wall 
is higher than in the stream near by, then the stream, unless 
forced to do otherwise, will turn as along a concave wall. Ifthe 
wall does not turn as much as the stream desires, an expansion 
wave will be reflected as an expansion wave. Ifthe wall does turn 
to follow the “‘natural” course of the stream, no wave will be re- 
flected. This does not mean that no Mach line exists, although 
this Mach line produces no change whatever in the stream. 
Whether it converges or diverges relative to another is of no con- 
sequence whatever. If the wall is turned more than enough to fit 
the “natural’”’ streamlines then a compression wave is reflected. 
In this case the crossing of Mach lines does indeed “‘produce”’ a 
shock. It is this last type of wave situation which the author 
sought to study but his assumptionswere so crude that a really use- 
ful solution was impossible. For example, the neglect of the 
“natural” turning of the stream by Mach waves produced in the 
throat of the nozzle makes a conclusion of the necessity of an in- 
finite nozzlelength appear. Actually, an infinite-length nozzle for 
shock-free performance is by no means necessary. Furthermore, 
the author’s statement, “It appears impossible to design shockless 
supersonic diffusers having a straight axis. . .’’ does not follow from 
the author’s own work. In fact the author studies adiabatic fric- 
tionless flow of agas. Under such conditions, the flow is isentropic 
and completely reversible, i.e., a diffuser results by reversing all 
velocity vectors in any shockless, frictionless, adiabatic nozzle. 
[f shocks or friction occur, an increase of entropy results and thus 
prevents the flow from being reversible (in the thermodynamic 
sense, and hence in the fluid-mechanics sense). In practice no 
good nozzle could be expected to be a good diffuser because of the 
effects of friction. 

So far this discussion has been filled with destructive criticism. 
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It is much easier to offer destructive than constructive criticism 
especially in the field of the flow of compressible fluids. The 
author’s attempt, whether ultimately judged a success or failure 
for nozzle and diffuser design, has been very valuable for bringing 
this important problem up for genera) discussion. If more 
people attempted work of the present type more good nozzles 
and airfoils would appear. 

The only constructive suggestion the writer can make is that 
everyone interested in the design of nozzles, diffusers, or other 
passages for handling gases at supersonic velocity should study 
carefully the method of characteristics for the design of two- 
dimensional flow systems. 

In conclusion the writer presents the following questions: 

1 Will the recent work of Mr. DeFrate be published? Ad- 
ditional photographic and other experimental results would be 
valuable. 

2 All of the nozzles drawn in the paper show a sharp corner 
at the end of the throat. Has the author experimental] evidence 
to show that this does not lead to shock waves? This question 
is asked because all the evidence the writer has seen to date in- 
dicates that a small-radius corner together with a boundary layer 
at the end of the throat of a nozzle always gives rise to a com- 
pression shock. 


J. H. Keenan.® This paper appears to be the first to offer a 
soundly conceived method of designing nozzles for three-dimen- 
sional supersonic flow. Previously only the Prandt] method has 
been available, and this appears to be applicable only to two- 
dimensional flow. Since the author’s method may also be applied 
to two-dimensional flow, it may be compared in that instance 
with the method of Prandtl. 

The method of Prandtl as described by Stodola* employs the 
concept of “flow around a corner’ to convert adjacent wedge- 
shaped stream filaments with diverging directions of flow, into 
parallel stream filaments. No good reason has been given for 
questioning the validity of this method. It results, however, 
in surfaces of constant pressure, in the region of conversion from 
divergent to parallel flow, which have in profile the curious shape 
shown by the solid lines of Fig. 1 of this discussion. The surfaces 
of constant pressure assumed by the author are shown by the 
dash lines of the same figure. 


Fig. 1 


According to the method of Prandtl, the divergent flow in the 
nozzle may be converted into parallel flow in a finite length with- 
out formation of a shock. According to the author’s method 
this is impossible. 

Only experiment can decide the merits of the case. It would 
appear that static-pressure measurements along the walls of a 
two-dimensional nozzle would indicate which of the two patterns 
of Fig. 1 is more real. It is entirely possible that one has more 
validity in one type of passage whereas the situation may be re- 
versed in another type. 


5 Professor of Mechanical Engineering, Massachusetts Institute of 
Technology, Cambridge, Mass. Mem. A.S.M.E. 

6 “Steam and Gas Turbines,’”’ by A. Stodola, translation by A. C. 
Lowenstein, McGraw-Hill Book Company, New York, N. Y., 1927, 
p. 989. 
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In our present state of knowledge, it appears that the principal 
defect of the method of Prandtl lies in the two-dimensional re- 
striction imposed by the concept of “flow around a corner.” 
The author’s method is in this respect more general. Moreover, 
experience to date indicates that it is a satisfactory guide in the 
design of axially symmetrical three-dimensional nozzles. 


Sanrorp A. Moss.? It is the writer’s understanding that a 
shock front is no more than the thing which has been called for a 
generation or so a “‘sound wave.”’ Why should we not continue 
to use the words ‘‘sound wave”’ and not introduce a name which 
is a novelty to many, “shock front?” 

It probably is true that the cases which the paper discusses 
all are with turbulent flow, rather than laminar flow. Is there a 
definite mathematical theory for progfess of sound waves in a 
fluid having turbulent flow? 

The author presented slides from a number of photographs 
showing diamond-shaped figures in streams proceeding from 
nozzles. These figures often have been seen in jets from nozzles 
for both steam and gas turbines, and they no doubt represent 
standing waves started when the filaments at the nozzle walls 
first met a pressure in the region beyond the nozzle, different from 
the pressure at the edge of the nozzle jet itself. Such standing 
waves are evidences of a disturbance started by the sudden 
change of the fluid in the nozzle jet to the higher or lower pressure 
in the region into which it is discharged. Presumably the 
existence of these standing sound waves is connected with the 
creation of sound. At any rate a nozzle discharge always is 
accompanied by a lot of sound. This no doubt means that the 
standing sound waves in the nozzle jet itself are accompanied 
by sound waves in the region into which a nozzle discharges. 
Such sound waves give the noise that is heard. The definite pat- 
tern seen in the nozzle jet no doubt means a definite period of the 
sound waves or shock fronts in this jet, which would mean a defi- 
nite musical note. However, sound waves in the region which 
gives the sounds that we hear always give a noise without any 
definite musical note. Cantheauthorgive any explanation of this? 

If the standing waves and the jet noise that is heard are due 
to differences between the pressure in the jet at the instant it 
enters the outer region and the pressure of this region, ‘then 
there should be no disturbance if the nozzle mouth is exactly of 
such area that the pressure in the jet is equal to the pressure in 
the region. The writer often has observed this condition with 
nozzles for both steam and gas turbines. If the pressure which 
creates the jet is gradually changed so that the nozzle-mouth 
pressure is less, then becomes equal to, and then is greater than 
the pressure of the region, the various effects easily can be seen 
in the patterns in the jet. These patterns are particularly in- 
teresting in the case of a gas-turbine nozzle, where they give 
marked differences of color instead of the mere light and darkness 
with the steam jet. The patterns are of one shape when the 
nozzle-mouth pressure is too low for the region, and of another 
shape when the nozzle-mouth pressureistoohigh. The patterns 
completely disappear for an appreciable range when the nozzle- 
mouth pressure is just about right for the region. Presumably 

then there are no standing waves, no shock fronts, and no sound 
waves in the jet itself. Yet the discharge of the jet still makes 
a loud noise. Is there any explanation for this? 

Furthermore, there is a noise when a wholly convergent nozzle 
with subsonic velocity discharges into a region. In such a 
case, the nozzle-mouth pressure is supposed to adjust itself so 
that the jet entering the region is at the pressure of this region. 
There then should be no sound wave and no noise. Yet there is 
a noise increasing in intensity with the size of the nozzle. The 


7 Consulting Engineer, General Electric Company, West Lynn, 
Mass. Fellow, A.S.M.E. 
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writer has heard this noise from an air nozzle about 10 in. diam 
at a distance of about 1 mile. 


AvTuor’s CLOSURE 


In reply to Professor Coogan’s and Professor Emmons’ com- 
ments regarding errors in the Prandtl-Busemann method, the 
author did not wish to imply that the errors were a consequence 
of designing the nozzle in small finite steps, and is in agreement 
with Professor Coogan that inaccuracies of this type may be held 
within arbitrarily fixed limits. It was intended rather to question 
the manner in which the Prandtl-Busemann method joins two 
fields of flow without considering whether conditions at the bound- 
ary of the two fields of flow are the same on both sides of the 
boundary. 

Specifically, the Prandtl-Busemann method requires that an 
arbitrary nozzle contour following the nozzle throat be joined to a 
contour which is found by the method of characteristics. The 
second portion of the flow field and of the contour, i.e., the por- 
tion which is determined purely by the Meyer-Prandtl-Busemann 
technique, seems to be soundly conceived. However, it is doubt- 
ful whether this portion of the nozzle can operate in the manner 
intended for it unless the part of the nozzle which precedes it 
yields a flow pattern at its exit which is identical with the in- 
tended flow pattern at the entrance to the Prandtl-Busemann 
portion of the nozzle. The author has no knowledge of a method 
for applying the Meyer-Prandtl-Busemann technique to the en- 
tire diverging section of a nozzle, i.e., from throat to exit. 

In connection with the foregoing discussion, both the method 
of the author ang the method of Prandtl-Busemann involve un- 
certainties by virtue of the assumptions inherent in each method. 
The author concurs with Professor Keenan that “only experi- 
ment can decide the merits of the case.’’ As regards the author’s 
method for designing three-dimensional nozzles, for which the 
method of characteristics offers no parallel, it may be considered 
reliable for small angles of divergence, since the author’s assump- 
tions (aside from the assumption regarding the absence of fric- 
tion) become increasingly valid as the nozzle angle is decreased. 

Professor Coogan and Professor Emmons have inquired about 
the sharp corner at the nozzle throat in Figs. 5 and 7 of the paper 
This was a schematic representation; the corner was a short 
smooth curve in the nozzles tested. Professor Emmons’ sugges- 
tion that nozzle contours be drawn freehand may be ruled out on 
the elementary grounds that this method lacks reproducibility 

The interesting discussion of Professor Emmons, regarding the 
convergence of Mach lines and their behavior at the walls, illus- 
trates some of the difficulties encountered in studying super- 
sonic flow patterns. However, the assumptions of the author in 
this respect, while not exact, are by no means as crude for the 
simple type of flow passage under consideration as Professor Em- 
mons would make out. Attention is called again to footnote 
(3) and to the paragraph immediately following Equation [3] 
of the paper, where it is shown that the criterion for the absence 
of shock fronts in nozzles with a straight axis may be expressed 
approximately in terms of conditions at the wall. 

In reply to Dr. Moss, the author is of the impression that com- 
mon usage has assigned to the term “‘shock front’’ the connotation 
of a surface across which the pressure and velocity of a flow pat- 
tern change in discontinuous fashion; whereas the term “sound 
wave” refers to the propagation of infinitesimal disturbances 
without discontinuities in the fields of pressure and velocity. 

Dr. Moss gives an interesting account of his experiences with 
jets. As regards his comments on the noises of jets, the author 
believes that any jet will make a noise, whether the jet be 
subsonic or supersonic, because the mixing action at the bounda- 
ries of the jet causes pressure disturbances which are propagated 
outward in wave fashion from each point of disturbance. 
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Thermodynamic Charts 


THERMODYNAMIC CHARTS, STEAM, WATER, AMMONIA, FREON-12, AND 
Mixtures or AND WATER Vapor. Also special tables for tur- 
bine calculations. By Frank O. Ellenwood, John Edson Sweet, 
Professor of Engineering, Cornell University, and Charles O. 
Mackey, Professor of Heat-Power Engineering, Cornel] University. 
John Wiley and Sons, Inc., New York, N. Y., second edition, 1944. 
Cloth, 8!/2 X 11 in., iv and 46 pp., $2.75. 


REVIEWED BY C. Haro_p Berry! 


\ JITH many pairs of variables available, many charts have 

been plotted exhibiting the thermodynamic properties of 
various substances. Some of these prove more useful for the 
qualitative picturing of processes; others are better adapted to 
use as aids to computation instead of numerical tables. 

For computations relating to steady-flow processes it has long 
been recognized that the specific enthalpy should be one of the 
co-ordinates. Mollier suggested either pressure or specific en- 
tropy as the other co-ordinate, and many charts bearing his name 
have appeared. They all have the unfortunate limitation that it is 
infeasible to show specific volume unless two colors are used; and 
two-color charts are costly and subject to printing errors. 

The Ellenwood chart, introduced in 1914, overcomes this diffi- 
culty by using enthalpy and volume as the co-ordinates, and this 
proves to be a happy solution. The chart has been used by many 
engineers with great satisfaction. 

Steam charts drawn to a scale large enough to permit suffi- 
ciently accurate reading grow to unwieldy size. Professor Ellen- 
wood has overcome this difficulty by cutting his chart into twenty- 
one pages, which gives a book of moderate dimensions instead of 
a chart 40 X 47 inches. This introduced a new difficulty. In 
passing from one section to another, the user is sometimes unable 
quickly to locate the adjoining section of the chart. In this new 
edition this difficulty has been overcome by providing along the 
edges of each section guide numbers indicating the page on which 
the adjoining section appears. It is unfortunate that these num- 
bers could not have been printed in more conspicuous form, 
but the user can easily remedy this by the use of pen and ink. 

The Ellenwood steam chart, as here presented, is easy to read 
to a degree of accuracy consistent with the readings of ordinary 
pressure gages and thermometers and is in excellent agreement 
with the Keenan and Keyes steam tables, from which it was 
plotted. 

On pages 24 and 25 is a revised plotting of the properties of 
compressed liquid water, which, better than its predecessor, pro- 
vides by far the most convenient presentation of this information 
that the reviewer has seen anywhere. It provides for the expedi- 
tious solution of any problem in this region. 

On page 26 is an entirely new chart for the properties of low- 
quality liquid-vapor mixtures of steam and water. This chart is 
plotted with quality (per cent vapor by weight) as abscissa and 
temperature as ordinate, with an adjoined pressure scale. Lines 
of constant enthalpy, entropy, and volume provide a net that ap- 
pears confusing at first glance, but is easily read after a brief ex- 
amination, It considerably simplifies the solution of problems 
such as the flow of initially saturated water through an orifice (as 
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in some traps) or the evaporation of saturated liquid (as in an 
accumulator). It is a valuable addition to the book. 

The charts for ammonia and Freon-12 have been improved by 
the addition of scales for liquid volume. 

The excellent three-page psychrometric chart is carried forward 
from the previous edition, as are the useful tables for barometer 
corrections, jet velocoties, and squares of numbers. A table of 
four-place logarithms (base ten) has been added. 

This is a very useful book for the engineer and for the student 
of engineering. It is made for use, with a minimum of explana- 
tory material and discussion; compactness and convenience in- 
crease its usefulness. It is a pleasure to recommend it heartily to 
any who are concerned with technical processes involving liquid 
water and steam, with problems in air conditioning and kiln- 
drying, and with refrigeration problems for ammonia and Freon. 


How to Solve It 


How to Sotve Ir. By G. Polya. Princeton University Press, 
Princeton, N. J., 1945. Cloth, 5 & 73/4 in., xv and 204 pp., 27 
figs., $2.50 


REVIEWED BY J. ORMONDROYD? 


HE jacket of this little book states that it contains ‘‘a 

system of thinking which can help you solve any problem.” 
This statement is saved from being a modern offer of the philoso- 
pher’s stone only by the word “help.” One immediately thinks 
of that semi-shady branch of literature which deals with the 
“Education of the Will,” “(How to Make Friends,” ‘“‘The Achieve- 
ment of Conjugal Bliss” and soon. Wholly respectable treatises 
can be written only on subjects which are relatively unimportant 
to the living man. And such treatises gain their respectability 
because they can be definitive. On subjects of really vital im- 
portance, such as those mentioned above, no complete set of 
practical rules can be stated. Hence a slightly disreputable aura 
hovers over such works. So, Professor Polya, an authority in 
the wholly respectable field of mathematics, needed some courage, 
some spirit of adventure, to embark on the enterprise of giving 
practical rules on “how to think.” 

Professor Polya has had predecessors in this field and the art 
discussed achieved, long ago, a technical name, Heuristic. The 
aim of Heuristic is to study the methods and rules of discovery 
and invention. Pappus, Descartes, Leibnitz, Bolzano, and 
Poincaré wrote on this subject. Professor Polya considers his 
booklet as an attempt to revive interest in a subject that was 
never considered extensively enough in the past. 

The author states clearly that ‘A reasonable sort of Heuristic 
cannot aim at unfailing rules; but it may endeavor to study pro- 
cedure (mental operations, moves, steps) which are typically 
useful in solving problems.”” While wider applicability is claimed 
for the methods the author limits himself mainly to their use in 
solving mathematical problems. 

The essence of the whole method proposed in this little book is 
summarized on the inside covers and fly leaves both front and 
back. It might be said that the printed matter between the fly 
leaves is merely elaboration and commentary on this master plan. 
The first thirty-six pages of the book contain a short and logically 
connected account of the purposes and aims of the method. 


2? Captain, U.S.N.R., David Taylor Model Basin, Washington, 
D.C. Mem. A.S.M.E. 
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The rest of the book is entitled “Short Dictionary of Heuristic.” 
In this section, given in alphabetical order, are all the concepts, 
definitions, names, and philosophical ideas connected with the 
art of thinking. Each item in the dictionary is complete in itself 
and many of them make highly diverting reading. The par- 
ticular problems chosen as illustrative material are taken from 
the realms of algebra, geometry, theory of numbers, and puzzles. 
These examples are not numerous and they are simple in nature 
but they are all made very interesting by the philosophical dis- 
cussion of the methods of thought which lead to their solutions. 
A few of the solutions are not completed by the author thus 
permitting the reader the pleasure of arriving at his own conclu- 
sions. 

This book arouses such lively interest that the reader finds 
himself underlining passage after passage for later and continued 
reference. Professor Polya has created a work which should find 
a wide circle of readers among students, teachers, and engineers. 


Experimental Stress Analysis 


EXPERIMENTAL STRESS ANALYSIS. Proceedings of the Society for Ex- 
perimental Stress Analysis, vol. II, no. 2. Containing Papers pre- 
sented before the Society’s Fall Meeting and Symposium on Crank- 
shaft Stresses, Cleveland, Ohio, October 17-20, 1944. Published 
and distributed by ‘Addision-Wesley Press, Inc., Kendall Square, 
Cambridge, Mass. Cloth, 8'/: X 1lin., xxi and 166 pp., illustrated, 


REVIEWED BY A. M. Wan.’ 


THis book, the second part of volume II of the proceedings of 

the Society for Experimental Stress Analysis, contains 
papers presented at the 1944 Fall Meeting of the Society and 
Symposium on Crankshaft Stresses. As would be expected from 
its title, most of the papers in this volume deal with or are related 
to the problem of determining or evaluating stress in structures or 
machine components. However, the title fails to convey an ade- 
quate appreciation of the rather wide variety of subjects treated, 
which includes such different subjects as shotpeening, fatigue 
tests, torquemeters, and plastic-flow studies, As in previous vol- 
umes of this publication, the wire-resistance or SR-4 gage comes 
in for an extensive treatment as do electric gaging methods in 
general. Problems involved in crankshaft design and stress 
analysis also are emphasized. 

Coming first to the papers on crankshaft stresses, Oldberg and 
Lipson in an article on “Structural Evolution of a Crankshaft’ 
discuss different design methods of approach to this subject. They 
conclude that laboratory tests including photoelastic tests, strain 
measurements, and fatigue tests are useful in attaining a rational 
design. Of interest is the observation that bending fatigue fail- 
ures in engine crankshafts may develop after a relatively long 
time. The reason for this is that only one explosion in a large 
number of revolutions (say 50 or more) may produce excessively 
high loading due to a combination of turbulence conditions. Thus 
it may take half a billion revolutions of the shaft to obtain say 10 
million cycles of the peak stress. 

Although the determination of loads and stresses in crankshafts 
under operating conditions would seem a rather difficult problem, 
the tests reported by A. Galoff show that such measurements are 
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feasible, using electric resistance gages in combination with slip 
rings on the shaft. This paper represents work done by the 
S.A.E. War Engineering Board Torsional Vibration Committee 
in co-operation with the U. 8S. Navy Bureau of Ships. 

Full-scale fatigue tests as well as extensometer measurements 
on crankshafts are described in a paper by Gadd and Ochiltree. 
It is of interest to note that according to these investigators the 
fatigue strength is found to correlate with that predicted on the 
basis of extensometer measurements. An increase of about 50 
per cent in the bending fatigue limit of a crank-shaft by nitriding 
as compared with 15 per cent by shot-peening is also reported. 
Lower increases were found in the torsional fatigue limit presuma- 
bly because of less stress concentration. 

The subject of electric gaging methods including the use of both 
magnetic and resistance types is extensively treated in a paper by 
H. C. Roberts and in a very interesting discussion of this paper 
presented by a number of authorities. Considerable emphasis is 
placed on the technical problems which arise in the utilization of 
resistance wire gages including methods of applying the gages to 
the test specimen, waterproofing, and use at elevated tempera- 
tures. The application of amplifiers for use with these gages also 
came in for considerable discussion. This section of the Proceed- 
ings should be of particular value to engineers having to do with 
the installation of SR-4 gages. 

The subject of residual stress is important in the evaluation of 
such methods of surface treatment as case-hardening, shot- 
peening, nitriding, grinding, etc. This is treated in an article by 
Greaves, Kirstowsky, and Lipson who determined residual 
stresses on thin-walled rings by splitting them and measuring the 
resultant change in curvature. In this manner, the relative 
effects of case-hardening, grinding, and super-finishing could be 
evaluated. Tests also reported by these investigators on longitu- 
dinal specimens cut from gear teeth show that form grinding 
gives higher residual stresses than generate grinding. This is ex- 
plained by the greater heating over a larger area which occurs in 
form grinding. 

Problems involving load distribution in riveted and_ spot- 
welded joints, of importance in aircraft design, are discussed in a 
paper by Aleck, Goland, and Morris. Although this is really a 
three-dimensional problem, these investigators show that by use 
of a composite model made of celluloid and CR-39 resin strips, the 
application of two-dimensional photoelastic methods to the de- 
termination of stress distribution in a spot-welded joint becomes 
possible. Preliminary results indicate extremely high stress- 
concentration factors in spot-welds (around 7.5). The authors 
also state that fatigue tests indicate such values are not unlikely. 

As an indication of the variety of subjects included in the re- 
maining papers of this volume, the following may be listed, among 
others: Description of a magnetic-coupled torquemeter by mean- 
of which shaft torque may be measured without the use of slip- 
rings; shotpeening to improve fatigue strength; electrical meth- 
ods for solving heat flow, stress-analysis, and shear lag problems; 
improved photogrid methods for plastic-flow studies; instruments 
for aircraft strain analysis. 

Although this volume, as in the case of previous publications of 
the S.E.S.A., remains of more direct interest to engineers con- 
cerned primarily with stress analysis problems, the rather wide 
variety of applications considered should also make it a source of 
valuable information for mechanical engineers and designers «s 
well. 
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Graphitization of Low-Carbon and 
Low-Carbon-Molybdenum Steels 


By H. J. KERR' ano F. EBERLE? 


INTRODUCTION 


‘ ) Y HILE the technical literature contains considerable in- 
formation on the graphitization of cast iron and high- 
carbon steels, only a few cases of graphitization in low- 
carbon steels and no case of graphite formation in low-carbon- 
molybdenum steels had been reported until after the failure of 
the steam pipe at the Springdale Station of the West Penn 
Power Company, early in 1943. Asa result of this failure several 
papers were presented to this Society under the sponsorship of 
the Joint High-Temperature Committee in December, 1943. 

The company with which the authors are connected has manu- 
factured many large oil-refining vessels of carbon-molybdenum 
steel, also high-temperature and high-pressure boiler drums to- 
gether with a very considerable number of superheaters of the 
same material. Therefore, the failure of the pipe at Springdale 
due to graphitization in service was of great importance to the 
authors’ company and to its customers, notwithstanding the 
fact that the failed material had not been furnished or fabricated 
by them. 

We had carried out many high-temperature tests of long dura- 
tion with carbon-molybdenum steel and with welds of the same 
material, without encountering any trouble. It was therefore 
natural to raise the question of why these tests did not give any 
warning of the graphitization danger. Subsequent to the failure 
at Springdale, we, in co-operation with the operators of many 
installations, have examined a great many samples of welded 
pipe, plate, castings, and forgings removed from installations, 
and have also considered the results of examinations made by 
other investigators such as H, Weisberg,® L. E. Hankison,* R. W. 
Kmerson,® and H. 8. Blumberg.* In all, some 80 weld joints 
have been carefully studied, these including samples from the 
highest temperature (975-990 F) and pressure unit with the long- 
est service in the country. 

Examination of these field samples from service installations 
showed very quickly, as reported before the Joint High Tempera- 
ture Committee in 1943, the important fact that the steels found 
affected by graphitization were those which had received con- 
siderable quantities of aluminum in the deoxidation practice. 

in the course of their investigations, the authors found that 
steels which displayed in the McQuaid-Ehn test a totally normal 
case with a grain size of 1 to 5, did not graphitize in service. 
Steels which were abnormal and fine-grained, 7 to 8, in the Me- 


' Executive Assistant, The Babcock & Wilcox Company, New 
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Newark, N. J. Mem. A.S.M.E. ~ 

‘Superintendent, Efficiency Department, West Penn Power 
Company, Pittsburgh, Pa. Mem. A.S.M.E. 

’ Metallurgist, Pittsburgh Piping and Equipment Company, 
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° Metallurgist, The M. W. Kellogg Company, Jersey City, N. J. 
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the Society. 


Quaid-Ehn test, did graphitize, though in the case of castings 
some have and some have not. The degree of graphitization 
among the graphitized wrought steels varied considerably. Steels 
of the intermediate type, that is, steels which showed only slight 
abnormality——-No. 2 type—and a grain size of about 4 to 7 in 
the MceQuaid-Ehn test, graphitized in some cases and did not in 
others. 

In parallel with the investigation of materials from service 
installations, many tests were carried out in the authors’ labora- 
tory which had a threefold purpose. The first objective was to 
graphitize under controlled conditions the type of steel which 
did not graphitize in service. However, all attempts to do this 
failed, in spite of the severity of the applied testing conditions. 
The second goal was to graphitize the intermediate type of steel, 
and in this some success was achieved. The third objective was 
to gain some insight into the mechanism of graphitization of these 
low-carbon steels. 

No attempt will be made here to present detailed reports of 
investigations of materials from service installation. However, 
some typical conditions will be shown which illustrate pertinent 
facts. With respect to the laboratory experiments, the testing 
procedure will be described and the results obtained given to- 
gether with the comments of the authors. Finally, a summary of 
the conclusions at which the authors arrived will be presented. 


Typical EXAMPLES OF GRAPHITIZATION BEHAVIOR OF VARIOUS 
TyYPEs OF MATERIALS IN SERVICE 


Carbon Steels. An interesting case which the authors encoun- 
tered is that of the well-known committee steel K-20 which proba- 
bly has been tested more and described in more detail than any 
other steel in this country.?. This steel had been specially made 
for the Joint A.S.T.M.-A.S.M.E. Research Committee on Effect 
of Temperature on the Properties of Metals to serve as test mate- 
rial for standardizing high-temperature testing methods and 
equipment. This K-20 steel had been furnace-deoxidized with 
80 per cent ferro-manganese and 50 per cent ferro-silicon, fol- 
lowed by a ladle deoxidation with 50 per cent ferro-silicon and 
by the addition of 1.2 lb aluminum per ton of melt. It was a 
plain-carbon steel of the following analysis 


0.35 C, 0.55 Mn, 0.19 Si, 0.016 P, 0.030 S, 0.025 Al, 0.006 Al,O; 


One of the outstanding characteristics of this steel was its uni- 
formity. After fabrication into 1-in. round bar stock, the latter 
received the following heat-treatment: 

“Heated to 1550 F in 2 hr, held 1 hr, and furnace-cooled to 
1000 F from which temperature the bars were air-cooled. Re- 
heated to 1280 F in 4 hr, held 2 hr, and cooled in the furnace to 
1000 F, then air-cooled.” 

We participated in the creep testing of this material at 850 F 
and at the completion of the standard test permitted the specimen 
to remain under load (7500 psi) for a total time of 75,237 hr, 
that is, about 8'/2 years. Details of this creep test are given 
in Professor Norton’s report contained in Appendix A. Subse- 
quent examination of the coupon in the authors’ laboratory 


7A summary of the bibliography of this steel is given in Pro- 
ceedings, A.S.T.M., vol. 40, 1940, pp. 159-160. 
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revealed that the steel had uniformly graphitized (see Fig. 3). 
Due to the heat-treatment, this steel was predominantly spheroi- 
dized before the testing (see Fig. 2). In the McQuaid-Ehn test, 
the steel was found to be slightly abnormal (Type IT) and of a 
mixed grain size (Nos. 6, 7, and 3). The MeQuaid-Ehn case of 
this steel is shown in Fig. 1. 

It was interesting to note the arrangement of the graphite in 
this specimen. One could not escape the impression that the 
carbon had been precipitated around some sort of nuclei which 
were relatively few in number and randomly scattered. The 
graphite nodules were of roughly uniform size from which it would 
follow that the nuclei had become effective at about the same 
time and that the carbon precipitation thereafter remained con- 
fined to them. But when did those nuclei become effective? 
The fact that the nuclei are so few and had become effective at 
about the same time, seems to favor the hypothesis preferred by 
the authors, namely that nucleation took place on the slow cooling 
through the A, temperature during the atomic rearrangements 
accompanying the allotropic transformation. Just what the 
nature of those nuclei is, remains a matter of speculation. They 
may be submicroscopic particles of oxides or nitrides or sulphides 
of aluminum or, perhaps, also of some other element. 

The formation of randomly scattered graphite nodules did not 
affect the mechanical properties of the steel seriously, as the fol- 
lowing figures show: 


Prop. Yield Elong. 
limit, point, Tensilestr., in 2in., Red A, 
psi psi psi per cent per cent Bhn 
Before 
test 21500 / 24000 68000 /70000 36.5/39.0 62.3/65.8 128/131 
After 
42300 62300 38.4 68.4 108 


Another instructive instance concerned an 8-ft length of a 
41/-in-OD X 3'/:-in-ID oil-refinery tubing removed from an 
installation because of changes in construction. This tube con- 
sisted of three sections, joined by welding, which will be desig- 
nated as 7}, T2, and 73, of the following analysis: 


T2 
Manganese... 0.46 0.43 0.42 


In the McQuaid-Ehn test, tube 7; was found to be fine-grained 
and abnormal, while tubes JT. and 7; were medium- to coarse- 
grained and normal (see Figs. 5, 8, 9, 11, and 12). This compos- 
ite tube had been for 8*/, years at a temperature of 1000 to 1020 
F. Examination revealed that the two McQuaid-Ehn normal 
tubes T; and 7; had not graphitized either in the weld-affected 
metal nor in the weld-unaffected body, while widely scattered 
very large graphite nodules were found throughout the abnormal 


tube 7;. The weld metal joining these tubes showed no graphite 
(see Fig. 6). Representative microstructures of the three tubes 


are shown in Figs. 4, 7, and 10. The noteworthy feature of the 
graphitized tube 7; was (a) that there were only very few, but 
exceedingly large graphite nodules, and (b) that graphitization 
apparently was not preferentially influenced by the heat of weld- 
ing. One cannot help asking the question, why had not more 
graphite nuclei been formed during those long years, if one as- 
sumes that nucleation took place at the service temperature. 
Let us now compare the steels listed with the behavior of 
another carbon steel which we may call steel B. This steel B 
represents a drum with 12 years of service at a temperature of 
about 850 F. After 6 years, a stainless-steel liner was attached 


2 TRANSACTIONS OF THE A.S.M.E. 


to the drum by welding. Fig. 15 shows the microstructure of 
the weld-unaffected metal of the drum after 12 years of service, 
and Fig. 14 the low-temperature weld-affected zone of the steel 
6 years after the welding. We fail to observe any sign of graphite 
in either sample. This steel was a straight silicon-killed steel 
with 0.25 per cent carbon which had received no aluminum in the 
deoxidation practice. In the McQuaid-Ehn test, it showed a 
coarse-grained and normal structure (see Fig. 18). 

The lamellar condition of the pearlite has remained preserved. 
This steel, too, had been annealed, that is, slow furnace-cooled 
prior to installation, but apparently there was not sufficient time 
for the beginning of carbon precipitation from solid solution dur- 
ing the cooling through the A; temperature, or there were no 
nuclei present, or at least not effective, on which carbon could 
precipitate and crystallize. The foregoing are typical examples 
of graphitizing and apparently nongraphitizing low-carbon steels. 


CARBON-MOLYBDENUM STEELS 


The following presents what the authors believe to be typical 
cases of carbon-molybdenum steel chosen from many joints after 
long time in service: 

Plant S. This instance concerns a pipe which had been in 
service at 930 to 950 F for 5'/2 years. This pipe had been fur- 
nished in the normalized and drawn condition. The end of the 
pipe was subsequently upset at about 2000 F and then welded 
without intermediate heat-treatment. However, the welded 
joint had been preheated and stress-relieved at 1200 F. When 
this pipe joint was cut out and examined, the following was found: 


Weld metal: No graphite. 

High-temperature zone of weld-affected upset pipe: No graphite. 
acicular Widmanstatten structure (see Fig. 17). 

Low-temperature zone of weld-affected upset pipe: Chain graphite. Car- 
bide diffused and spheroidized (see Fig. 18). 

Weld-unaffected upset pipe: No graphite. Medium to coarse Widman- 
stitten pearlite (see Fig. 19). 

Forge-spheroidized transition zone from upset to nonupset part: Scattered 
graphite nodules. Small grain size carbide spheroidized (see Fig. 20). 

Forge heat-unaffected nonupset pipe: No graphite. Fine-grained Widman- 
stitten pearlite (see Fig. 21). 


Coarse 


This steel had received 1.75 lb aluminum per ton in the de- 
oxidation practice and was fine-grained and abnormal in the 
McQuaid-Ehn test (see Fig. 16). There was nothing unusual in 
the chemistry of this material which was as follows 


0.15 C, 0.55 Mn, 0.16 Si, 0.012 P, 0.026 S, 0.54 Mo, 0.034 Al, 
0.002 Al:O;, 0.01 Cr 


Plant F. This instance deals with a similar pipe F, which dif- 
fered from the previously discussed pipe principally in the heat- 
treatment which it had received prior to welding. This pipe F 
had been furnished normalized from 1650 F and drawn at 1200 F. 
Prior to installation, the end of the pipe was upset at some high 
temperature and then normalized again at 1750 F and drawn at 
1300 F. The upset end was then welded and stress-relieved at 
1200 F. Examination of the weld joint after 4'/2 years’ service 
at 910 F revealed scattered graphite nodules not only in the low- 
temperature end of the weld-affected base metal, but also in the 
upset and nonupset part of the pipe. The graphite in the weld- 
affected zone was not of the chain type, but more concentrated 
than in the body of the pipe. The significant microstructures 
of the pipe are shown in Figs. 23 to 25, inclusive. No graphite 
was found in the weld metal. The steel from which the pipe 
was made had been deoxidized with 1.9 lb aluminum per ton, but 
otherwise differed little from that of the previously described pipe. 
Its chemistry was as follows 


0.13 C, 0.45 Mn, 0.17 Si, 0.015 P, 0.018 S, 0.52 Mo, 0.062 Al, 
0.013 Al,Os, 0.01 Cr 


The McQuaid-Ehn test revealed a fine-grained and abnormal! 
structure (see Fig. 22). Pipes S and F illustrated the behavior 0! 
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Fic. 14 Microstructure OF BorroM-TEMPERATURE WELD-AFFECTED ZONE OF STEEL B AFTER 6 YEARS OF SERVICE AT 850 F 
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Fic. 15 Microstructure oF WELD-UNAFFECTED METAL OF STEEL B AFrer 12 YEARS OF SERVICE AT 850 F 
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a carbon-molybdenum steel which had been deoxidized with a 
large amount of aluminum. | 

Plant C. The example considered here presents the case of a 
carbon-molybdenum steel which received an intermediate amount 
of aluminum, say 0.75 lb per ton. Over 6 years ago the authors’ 
company built a reaction chamber of such a steel which we may 
identify as steel C, and which analyzed as follows 


0.17 C, 0.60 Mn, 0.22 Si, 0.013 P, 0.020 S, 0.45 Mo, 0.002 Al, 
0.008 Al,O;, 0.01 Cr 
This material was in the normalized and stress-relieved con- 


dition. After 6 years’ service at 870 F, numerous samples were 
removed and examined, but no trace of graphite was found, either 


-in the weld-affected zones, weld metal, or in the weld-unaffected 


base metal. The latter appeared to be totally unchanged by the 
long service (see Figs. 27 and 28). In the MeQuaid-Ehn test 
this steel revealed a medium to fine grain size and normal struc- 
ture (see Fig. 26). The same steel was subjected to a creep- 
rupture test at 950 F under a load of 20,000 psi, which test lasted 
1.3 years. The specimen, which contained a weld in the middle 
of the gage length, was subsequently examined and likewise was 
found free from graphite formation. 

Plant K. Another intermediate type steel, which reportedly 


-had been deoxidized with 0.5 lb aluminum per ton and which 


showed in the MceQuaid-Ehn test a medium grain size and only 
very slight abnormality (see Fig. 29), behaved differently in 
service. This steel, designated as K, was represented by a pipe 
which had been annealed at 1650 F, followed by slow furnace 
cooling. The welded joints of this pipe were made with 300-400 
F preheat and subsequently were stress-relieved at 1150 to 1200 
F. After about 2 years’ service at an average temperature of 975 
F, the pipe was discovered to be uniformly graphitized. Graph- 
ite occurred as randomly scattered nodules not only in the weld- 
affected zones, but also in the weld-unaffected base metal (see 
Figs. 30 and 31). No graphite was found in the weld metal. The 
predominantly spheroidized condition of the pipe structure de- 
serves particular attention. 

The examples of steels C and K have demonstrated that the 
intermediate type of steel exhibits an uncertain behavior with 
respect to graphitization, that is, its behavior cannot be predicted 
with any degree of probability. The ambiguous character of 
this type of steel is also reflected in its McQuaid-Ehn characteris- 
tics which are on the border-line between those of the clear-cut 
normal and the clear-cut abnormal steels. Two examples of the 
abnormal type of steel have been shown as represented by steels 
S and F. 

The following shows the behavior of totally normal steels, 
that is, steels which received in the deoxidation practice either a 
very small amount of aluminum, say below 0.5 lb per ton, or no 
aluminum at all: 

Plant DA, This case concerns a pipe made from a forging 
steel which had been deoxidized with 0.11 lb aluminum per ton. 
Its McQuaid-Ehn characteristics are shown in Fig. 32. We note 
that the grain size js coarse to medium and the carbide structure 
totally normal. This pipe had been annealed at 1900 to 1950 F, 
followed by slow furnace cooling. After over 4 years’ continuous 
service at 950 F with 6 daily swings up to 990 F, no graphite 
could be detected either in the weld-affected zone or in the weld- 
unaffected base metal or weld metal. The unaffected base metal 
is shown in Fig. 33. 

Plant SH. This case represents a header (steel SH), made 
from a steel deoxidized with 0.25 Ib aluminum per ton. The 
McQuaid-Ehn case of this steel, depicted in Fig. 34, shows a me- 
dium to coarse grain size and total normality. This header was 
5'/2 years in service at 935 to 950 F without any indication of 
graphitization, either in the weld-affected zone or in the weld- 
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unaffected base metal or weld metal. The heat-treatment of the 
header prior to installation consisted of a normalizing at 1650 F, 
followed by a draw at 1200 F. Figs. 35 and 36 show the micro- 
structure of the weld-affected and the weld-unaffected metal. 
The standard analysis of this steel was practically the same as 
in the case of plant S. 

Plant CG. This case concerns a header CG made from a 
straight silicon-killed steel with no aluminum addition in the 
deoxidation practice. The McQuaid-Ehn case characteristics 
of this steel are illustrated in Fig. 37. Again the grain size is 
medium to coarse and the carbide structure totally normal. This 
header CG was sampled and examined after over 5 years’ service 
at a temperature of 925 to 950 F. Not a trace of graphite was 
found, either in the weld-affected or in the weld-unaffected ma- 
terial or weld metal. This header, too, had been in the normal- 
ized and drawn condition. 

Many other headers of this type have been examined after 
several years in service, but none was found which contained 
graphite. 

Plant T. This case illustrates the behavior of three 4!/:-in- 
OD X 3!/-in-ID carbon-molybdenum steel tubes which had 
been operating in oil-refinery service under the following condi- 
tions: 

Tube 7 Mi—4!'/2 years at 1050 F under a stress of 2140 psi 
Tube T7M;—3'/2 years at 1050-1070 F under a stress of 2080 psi 
Tube 7M;—3'/2 years at 1080-1100 F under a stress of 1860 psi 

In the McQuaid-Ehn test the tubes were found to be coarse- 
to medium-grained and normal (see Figs. 39, 40, 42, and 43). 
The chemistry of these tubes was as follows: 


Tube TM,...0.13 5 0.13 0.012 0.025 nil 0.61 0.61 0.002 0.000 
Tube T7M2...0.17 0.42 0.13 0.015 0.031 nil 0.45 0.45 0.002 0.010 
Tube TM;3...0.17 0.45 0.12 0.012 0.031 0.09 0.48 0.48 0.000 0.007 


Notwithstanding the high temperatures at which these tubes 
had been operating, none was found to contain graphite. The 
microstructure of tubes TM, and TMs, depicted in Figs. 38 and 
41, displayed only spheroidization and coalescence of the carbide. 
The microstructure of tube 77M; was similar to that of tube 
TM». None of these tubes had been welded. 

The described examples will suffice to illustrate the graphitiza- 
tion-resistant behavior of the so-called normal type of steel. The 
latter is all the more significant since most of these steels were 
welded to other steels of the high-aluminum type which were 
found graphitized under identical conditions. 

All the foregoing cases have dealt with wrought steels only. 
A number of carbon-molybdenum steel castings have also been 
examined and studied by the authors with respect to their graphi- 
tization behavior in service. In general, castings followed the 
same rule as demonstrated for the wrought materials, i.e., the 
castings found graphitized were high-aluminum deoxidized and 
no castings of normal type of steel have been found with graphite. 
To give a fair picture of the castings situation it must be stated 
that several abnormal steel castings were not graphitized. The 
following are typical casting cases: 

Plant U. The casting U was welded to a pipe which was found 
graphitized in the weld-affected zone. This casting was totally 
abnormal and fine-grained in the McQuaid-Ehn test (see Fig. 
44) and had the following analysis 


0.30 C, 0.89 Mn, 0.43 Si, 0.022 P, 0.027 S, 0.50 Mo 


Prior to installation in service, the casting had been double- 
normalized from 1750 F and 1550 F, respectively, followed by a 
draw at 1200 F. Examination after 5 years in service, of which 
over one half was at 875 to 900 F and the remainder at 900 to 
950 F with swings up to 980 F, revealed chain graphite in the 
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low-temperature region of the weld-affected zone and scattered 
graphite in the center section of the wall of part of the weld- 
unaffected body. This condition is illustrated in Figs. 45 and 
46. The opposite end of this casting did not graphitize in the 
weld-affected zone. It is evident from Fig. 46 that the normal- 
izing treatment did not produce the acicular Widmanstiitten 
pearlite to be observed in wrought carbon-molybdenum steels 
which probably are of smaller section size and therefore cool in 
air at a faster rate. 

Plant V. An example of an intermediate type of cast steel is 
represented by casting V, whose McQuaid-Ehn case is shown in 
Fig. 47. This steel is of a duplex McQuaid-Ehn grain size and 
predominantly normal. Some zones exhibited slight abnormal- 
ity. This casting V was free from any signs of graphite after 
5'/2 years at 935 F to 950 F. A carbon-molybdenum steel pipe 
of high-aluminum abnormal type, welded to this casting, was 
found severely graphitized. Deoxidation practice, chemistry, and 
heat-treatment of casting V prior to installation are not known. 

Plant W. Another case of an intermediate type of casting 
which had received a medium amount of aluminum in the deoxi- 
dation practice is given by casting W. Its McQuaid-Ehn case 
characteristics are shown in Fig. 48. Note the mixed medium to 
coarse grain size and almost total normality of the structure. 
This casting was free from graphite after 6 years’ service at 910 F, 
as the representative microstructure in the weld-affected zone 
and the weld-unaffected metal, depicted in Figs. 49 and 50, show. 
It is again worth noting that the pearlite structure indicates a 
relatively slow cooling rate although it was known that this 
casting had been normalized prior to installation. 

A number of straight silicon-deoxidized castings reported with 
no aluminum additions which were part of an installation run- 
ning at 915 F, were sampled and examined after 4!/2 years’ service 
and were found free from graphite. Other carbon-molybdenum 
steel parts of the high-aluminum type, joined to the castings by 
welding, were found severely graphitized. The McQuaid-Ehn 
case structure of these castings was totally normal. 


DIscussION OF SERVICE RESULTS 


Summarily, it may be stated that the high-aluminum deoxi- 
dized materials, i.e., aluminum additions of over 1.5 lb per ton of 
melt which were found to be very fine-grained and totally ab- 

. normal in the McQuaid-Ehn test, were found graphitized, while 
the straight silicon-killed steels or castings or those which had 
received aluminum additions below 0.5 lb per ton, failed to 
graphitize. Over 20 such cases have been investigated. These 
straight silicon-killed or low-aluminum deoxidized materials were 
always totally normal and coarse- to medium-grained in the Mc- 
Quaid-Ehn test. Steels or castings which had received medium 
amounts of aluminum, say between 0.5 and 1.0 lb per ton, were 
of an uncertain behavior, i.e., their McQuaid-Ehn case character- 
istics were of the mixed type and could not always be co-ordinated 
with their graphitization behavior. However, in general, the 
McQuaid-Ehn test appeared to be a relatively quick and suf- 
ficiently reliable indicator of the graphitizing tendency of a steel. 

The interpretation and evaluation of the McQuaid-Ehn cases 
requires a certain amount of experience, particularly with re- 
spect to the carbon-molybdenum steels which are prone to form 
the Widmanstiitten type of pearlite, i.e., which frequently exhibit 
in the carburized case some areas of ferrite that are not indicative 
of abnormality. The extreme type of normal case structure 
shows the grain boundary hypereutectoid carbide as continuous 
thin lines of uniform width and contiguous with the lamellar of 
the pearlite which should be regular and well formed. With de- 
creasing normality, the regularity of form of the grain-boundary 
carbide as well as*that of the pearlite carbide decrease, become 
broken up (discontinuous), and coalesced. 


LABORATORY GRAPHITIZATION TESTS 


On the basis of the described field results, many tests were 
carried out which had the following aims: 

1 To graphitize the kind of steel which did not graphitize in 
service, i.e., the straight silicon-killed or low-aluminum deoxidized 
steel, 

2 To graphitize under controlled conditions the intermediate 
type of steel, i.e., one which had been deoxidized with medium 
amounts of aluminum, say between 0.5 and 1.0 lb per ton. 

3 To evaluate some of the factors which influence graphitiza- 
tion in these low-carbon steels. 

The first objective was not attained. The straight silicon- 
killed and the low-aluminum deoxidized steel refused to form 
graphite even under the severest testing conditions. The second 
goal was partially reached in that graphite was produced in an 
intermediate type of steel under specific conditions. With re- 
spect to the third objective, a great deal of information was 
obtained from which certain deductions were drawn. The tests, 
the results obtained, and their interpretation by the authors are 
presented herewith. 


GRAPHITIZATION Tests With REPEATEDLY ARC-WELDED SPEcI- 
MENS OF THREE TyPrEs OF CARBON-MOLYBDENUM STEELS 


These tests were prompted by the observation that graphiti- 
zation in many of the field materials examined appeared to be 
increased at locations where the heat waves from the single weld 
beads, forming the so-called “eye-brows,’’® intersected in the 
low-temperature region of the weld-affected zones. It was con- 
cluded, therefore, that repeated superimposed welding cycles 
tended to promote graphite formation. This led to the following 
tests: 

Specimens of the three types of carbon-molybdenum steels 
previously described were repeatedly arc-welded with carbon- 
molybdenum steel electrodes and subsequently placed in a 
charcoal-covered lead bath, which was maintained at 1000 F, 
for purposes of graphitization. The specimens consisted of short 
round bars, 1 in. diam and 3'/2 in. long, with a circumferential 
U-weld groove, °/i5 in. wide and 1/3 in. deep, at a distance of 1'/, 
in. from one of the ends. After the deposition of each bead, the 
weld metal was machined out, taking care to restore the weld 
groove in its exact original location. The characteristics of the 
steels employed, their microstructural condition as a result of 
previous history or heat-treatment, the number of welding cycles 
employed, and the results obtained are given in Table 1. 

Specimen A, taken from the graphitized forge-spheroidized 
zone of a service pipe of a high-aluminum deoxidized steel, 
showed a continuous gradual increase in the size of the already 
existing graphite nodules. No new nodules seemed to have been 
formed (see Fig. 51). 

Specimen E, taken from the nongraphitized upset part of the 
same pipe and normalized at 1650 F, thereby rendered fine- 
grained, displayed incipient graphite formation in the low- 
temperature region of the weld-affected zone after 1700 hr. The 
size of the formed nodules was substantially increased after 3000 
hr (see Fig. 52). 

Specimen F, again from the same pipe, but from the graphitized 
forge-spheroidized part, and normalized at 1650 F, whereby the 
existing graphite was dissolved according to microscopic evidence, 
began to show incipient graphitization in the low-temperature 
weld-affected zone after 833 hr. The size of the formed nodules 
increased rapidly with time at temperature (see Fig. 53). 

Specimen G, still from the same pipe, but from the not graphi- 
tized coarse-grained upset part and left in the as-received condi- 


8 This term is described and illustrated in Emerson’s Paper. 
A.S.M.E.—1943 Joint High-Temperature Meeting. 


A 
4 
| 
3 
J 
4 
4 
4 
A 
Wee 
3 
"5 
j 
§ 
> 
4 
- 
‘ 


KERR, EBERLE—GRAPHITIZATION OF LOW-CARBON AND LOW-CARBON-MOLYBDENUM STEELS 


«100 1000 

Fig. 45 Low-Temperature ZONE OF CastinG U Arrer 5 YEARS OF SERVICE, OF WHICH OveR OnE,HALF Was aT 

E 875-900 F AND THE REMAINDER AT 900-950 F WitH Swincs ur To 980 F 


Ave 


Fig. 47 McQvuarp-Exun Cass or Castine V 


j 
| 
Fig. 46 or Casting U 
q 100 


TRANSACTIONS OF THE A.S.M.E. 


Fic. 48 MeQvatp-Eux Case or Casting W 


x 1000 « 1000 
. 49 Low-TeMPERATURE WELD-AFFECTED ZONE OF CasTING W Fic. 50 Meta. or Casting W 6 Yeans 
AFTER 6 YEARS OF SERVICE aT 910 F OF SERVICE aT 910 F 


& 


wor 


Specimen A before test; 1000 Specimen A after 3000 hr; 1000 
Fic. 51 Repeatepty Arc-WELDED SPECIMEN From Service Pipe S, ForGe-SpHEROIDIZED ZONE as RECEIVED 


| 
Fic 
E 
: 
4 


KERR, EBERLE—GRAPHITIZATION OF LOW-CARBON AND LOW-CARBON-MOLYBDENUM STEELS 19 


< 4° 


2 
< 
«> 4 2 
Specimen E after 1700 hr; 1000 Specimen E after 3000 hr; 1000 


Fig. 52 Rereatepty Arc-WELDED SpeciMEN FROM SERVICE Pipe S, Upset Enp NorRMALIZED AT 1650 F 


j 
/ 
\ 


Specimen F after 830 hr; 1000 Specimen F after 3000 hr; x 1000 
Fig. 53 REPEATEDLY ArRc-WELDED SreciMEN From Service Pipe S, FoRGE-SPHEROIDIZED ZONE NORMALIZED AT 1650 F 


a 


Specimen G after 830 hr; 1000 Specimen G after 3000 hr; 1000 
Fic. 54 Repearepty Arc-WELDED SPECIMEN FROM Service S, Upset Enp as REcEIVED 


‘ 
¢ 
¢ 
‘ 
| 
4 
. 
ge 


20 


TRANSACTIONS OF THE A.S.M.E. 


TABLE 1 REPEATEDLY ARC-WELDED SPECIMENS 
(1 in. round X 3'/2 in. long with circumferential weld 11/« in. from one end) 
Deox. with Number of Graphite** after 
Soec. Material Ib. Al /ton Weld Cycles 833 hr 1717 hr 3000 hr 
A Service Pipe ‘S” 1.8 10 increased increased increased 
Forge-Spher. Zone, as-rec. 
B Plate “X-1", 1650 F/Air 5* 10 none none none 
a Plate “X-1", 1650 F/Air ss* 20 none none none 
D Plate “X-2", 1650 F/Air none 50 none none none 
E Service Pipe “S” 1.8 S$ yes increased increased 
Upset End, 1650 F/Air 
F Service Pipe “S” 1.8 10 yes increased increased 
Forge-Spher. Zone, 1650 F/Air 
G Service Pipe “S” 1.8 10 yes increased increased 
Upset End, as-rec. 
H Service Pipe "S4/7" 1.8 12 yes increased increased 
Forge-Spher. Zone, 1700 F/Air 
* plus some addition of another powerful deoxidizer 
** See Illustrations Figs. 51 to 
McQuaid-Ehn 
c Mn Si P S. Mo Grain Size Normality Illustration 
Pipe AS 55 16 012 .026 .54 8 Abn. (Type Fig. 16 
Plate “X-1" 18 ae 012 .024 43 7-8 Abn. (Type Il /Iil) Fig. 68 
Plate “X-2" 20 84 23 019 .013 49 1-2 (some 3) Norm. (Type 1) Fig. 69 
Pipe “S4/7" i 45 14 012 .026 F's | 6-7 Abn. (Type Il) Fig. 70 


Specimen H after 830 hr; 
Fic. 55 RepeaTepLty Arc-WELDED SPECIMEN From Service Pipe S4/7, ForGE-SPHEROIDIZED ZONE NORMALIZED AT 1700 F 


X 1000 


tion, was found to contain numerous small graphite nodules in 
the low-temperature weld-affected zone after 830 hr. These 
nodules grew rapidly as time went on (see Fig. 54). 

Specimen H, taken from another, but otherwise identical pipe, 
representing the graphitized forge-spheroidized zone and normal- 
ized at 1700 F whereby, according to microscopic examination, 
the graphite was dissolved, revealed the first appearance of 
graphite in the low-temperature weld-affected zone after 830 hr. 
The size of the nodules again increased rapidly with time and was 
quite large after 3000 hr (see Fig. 55). 

The intermediate type of steel, represented by specimens B 
and C, and the straight silicon-killed steel, Specimen D, failed to 
show any indication of graphite formation, notwithstanding the 
20 and 50 times superimposed welding cycles. 

From these results the following deductions were drawn: 


1 Under given conditions only a certain number of graphite 
nodules are formed and graphitization thereafter continues by 


Specimen H after 3000 hr; 


1000 


carbon deposition on the existing nodules at constant subcritical 
temperature (specimen A). 

2 Increasing the number of superimposed welding cycles 
seems to accelerate the formation of graphite (specimen E versus 
specimens F and G). 

3 In the case of abnormal steel, the first appearance of visible 
graphite in the weld-affected zone of fine- and coarse-grained 
steel seems to take place within about the same time. However, 
coarse-grained steel appears to form a larger number of small 
graphite nodules, while fine-grained steel forms a smaller number 
of larger nodules. Coarse-grained steel appears to be more prone 
to form chain graphite than fine-grained steel (specimen F versus 
specimen G). 

4 Heating and cooling a graphitization-sensitive steel through 
the A; transformation temperature seems to promote the forma- 
tion of graphite. 

5 The straight silicon-killed normal type of steel appears to 
possess a very high resistance to graphitization. 
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6 Intermediate type steels possess a higher resistance to 
graphitization than abnormal steels. The McQuaid-Ehn test is 
perhaps not as accurate a measurement of their graphitizing 
tendency as needed in this case. 


GRAPHITIZATION TEsts WirH REPEATEDLY Spot-WELDED SPECI- 
MENS OF THREE TYPES OF CARBON-MOLYBDENUM STEEL 

In the previously described tests with repeatedly arc-welded 
specimens, the heating and cooling rates during welding were 
slow. In order to examine the effect of fast rates of heating and 
cooling, similar graphitization tests were conducted with spot- 
welded specimens of the three types of carbon-molybdenum steel. 
The characteristics of these steels, the welding details, and the 
results of prolonged exposure to 1000 F in a charcoal-covered 
lead bath are summarized in Table 2. 

The specimens consisted of small disks of 1 in. diam. Speci- 
mens Nos. 1 to 5 were '/2 in. thick, while specimen No. 6 was 
only '/<in, thick. Specimen No. 7 was specially designed to pro- 
duce a higher stress concentration in the weld-affected zone. For 
this purpose this specimen, which was 1'/2 in. diam by 1'/g in. 
thick, contained on opposite sides !/2-in-diam by !/:-in-deep holes 
into which the electrode tips could be inserted. The effective 
thickness at the center of the specimens was therefore !/s in. 

These disks were placed between the electrode tips of a spot- 
welding machine and subjected to a number of current impulses as 
given in Table 2. Each specimen received first two high current 
impulses of 15,000 a (8 cycles) and then additional impulses of 
12,900 a (8 cycles). These current impulses were not designed to 
produce fusion, but to create heat surges which would heat the 
surface layer of the specimens to well above the upper transforma- 
tion temperature. The electrodes employed were */s in. diam and 
water-cooled. 

A study of Table 2 shows the following: 


1 Only the high-aluminum deoxidized steel graphitized (see 
Figs. 56 to 58). 

2 The part of the metal which was heated and cooled through 
the A, transformation appears to be sensitive to graphitization. 

3 The intermediate type of steel, although medium-grained 
and slightly abnormal in the McQuaid-Ehn test, seems to be much 
less sensitive to graphitization than the high-aluminum de- 
oxidized, totally abnormal steel. 


4 The straight silicon-killed steels possess a high resistance to 
graphitization even under the severe conditions and could not 
be induced to graphtize even under the effect of 50 superimposed 
welding cycles. 


A comparison of these results with those obtained with the re- 
peatedly arc-welded specimens confirms the relative graphitiza- 
tion tendency of the abnormal and the other two types of steel, 
but fails to indicate fundamental differences due to the increased 
heating and cooling rates. 


GRAPHITIZATION Tests WitH SINGLE Spor WELpDs or THREE 
Types OF CARBON-MOLYBDENUM STEEL 


While the previous experiments described were primarily con- 
cerned with the effect of repeated heat surges under relatively 
slow and relatively fast conditions of heating and cooling, the 
graphitization tests with single spot welds now to be reported 
were made for the purpose of investigating the effect of quantita- 
tively controlled heating and cooling conditions upon the graphi- 
tizing tendency of the three types of carbon-molybdenum steels. 
The characteristics of the steel employed, the welding conditions, 
and the results of exposure to 1000 F in a charcoal-covered lead 
bath are summarized in Table 3. 

The specimens were prepared with plate sections 3!/2in. X 31/2 
in. X 3/sin. on a spot-welding machine which permits automatic 
preheating, welding, and drawing of each weld, graphically re- 
cording time and current conditions. The welds were made of 
each type of steel, one weld remaining in the as-welded condition 
while the other weld was given a short stress-relieving treatment. 
The general aim was to preheat the specimens to 300 to 400 F, 
weld, and cool rapidly. In the case of the stress-relieved samples, 
an attempt was made to cool the weld to approximately 400 F 
and then reheat the fused nugget to 1250 F. 

The following results were observed: 


1 Only the high-aluminum deoxidized type of steel graphi- 
tized. 

2 The first visible graphite formed faster in the stress-relieved 
sample (No. 7). 

3 The intermediate type of steel, medium-grained and 
slightly abnormal in the McQuaid-Ehn test, proved to be resistant 
to graphitization in this test. 


TABLE 2 REPEATEDLY SPOT WELD; HEATED SPECIMENS 
(Disks 1 in. diam X !/2 in. thick) 


Deox. with 
Spec. Material Ib. Al/ton 
1 Plate “X-2", 1650 F, Air none 
Service Pipe “S4/7" 1.8 
Forge-Spher. Zone, 1650 F, Air 
3 Plate “X-2", 1650 F/Air none 
4 Service Pipe “S4/7" 1.8 
Forge-Spher. Zone, 1650 F/Air 
5 Plate "X-2", 1650 F/Air none 
6* Service Pipe "S4/7" 1.8 
Forge-Spher. Zone, 1650 F/Air 
Plate "X-3", 1700 F/Air 1 


* Specimen only 4” thick 


Number of Graphite*** after 

Weld Cycles 840 hr 1630 hr 3000 hr 
20 none none none 
20 yes increased increased 
10 none none none 
10 yes increased increased 
50 none none none 
10 yes increased increased 
20 none none none 


** Reenforced Specimen 11/2” dia. x 1%” thick with 2” dia. x Ya” deep holes on opposite sides 
Note: Each specimen received first two impulses of 15,680 Amps (8 cycles) and then repeated impulses of 12,870 Amps (8 cycles) each. 


*** See Illustrations, Figs. 56 to 58 


McQuaid-Ehn 
¢ Mn Si P Ss Mo Grain Size Normality IMustration 
Plate "X-2" .20 .84 wae 019 .023 49 1-2 (some 3) Norm. (Type |!) Fig. 69 
Pipe “S4/7" 45 14 026 53 6-7 Abn. (Type il) Fig. 70 
Plate “X-3" 16 82 47 .020 .027 48 6-7 Slightly Abn. (Type Il) — Fig. 71 
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Specimen 2 after 3000 hr; 1000 


Fic. 56 REPEATEDLY Spot-WELD-HEATED SPECIMEN (20 WeLpING CycLes) From Service Pipe 84/7, ForGE-SPHEROIDIZED ZONE 
NoRMALIZED AT 1650 F 


—— 


Specimen 4 after 840 hr; 1000 Specimen 4 after 3000 hr; 1000 


Fic. 57 REPEATEDLY Spot-WELD-HEATED SpEcIMEN (10 WELDING CycLes) From Service Pree S4/7, Forae-SpHeroipizep ZONE 
NorRMALIZED AT 1650 F 


Specimen 6 after 840 hr; 1000 Specimen 6 after 3000 hr; 1000 
Fic. 58 REPEATEDLY (10 WELDING Cycies) From Service Pree S4/7, ForGE-SPHEROIDIZED ZONE 
NORMALIZED aT 1650 F 


Specimen 2 after 840 hr; 
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TABLE 3 SINGLE SPOT WELDS 
(Specimens 3!/2 in. 3!/2in. X in. welded together) 


; Deox. with Graphite* after 
Spec. Material Ib. Al /ton Condition 1000 hr 2000 hr 3000 hr 
6 Plate “X-2", 1700 F/Air none Stress-Rel. none none none 
i Service Pipe “S4/7" 1.8 Stress-Rel. yes increased increased 
Upset End, 1700 F/Air 
8 Plate “X-3", 1700 F/Air 1 Stress-Rel. none none none 
9 Plate “X-2", 1700.F/Air none As-Welded none none none 
10 Service Pipe “S4/7" 1.8 As-Welded none yes increased 
Upset End, 1700 F/Air 
WW Plate “X-3" 1700 B/Air 1 As-Welded none none none 
* See illustrations, Figs. 59 ond 60 
McQuaid-Ehn 
Mn Si Mo Grain Size Normolity Mlustration 
Plate “X-2” .20 84 .23 019 .023 Ad 1-2 (some 3) Norm. (Type !) Fig. 69 
Pipe “$4/7" 45 14 012 6-7 Abn. (Type ill) Fig. 70 
Plate “X-3" 82 47 -020 .027 48 6-7 Slightly Abn. (Type ll) Fig. 71 


4 The graphitization resistance of the straight silicon-killed 
steel was confirmed again. 


GRAPHITIZATION Tests Spot-WeELD FusED AND CHILLED 
SINGLE Disks or Two Types oF CARBON-MOLYBDENUM STEEL 


It has been known for several years that the rate of graphitiza- 
tion of white cast iron is greatly increased by prior quenching. 
The same effect of a preceding quenching treatment from austeni- 
tizing temperatures upon the subcritical graphitization of hyper- 
eutectoid steels was observed by Austin and Norris.? These 
authors ascribed this effect to the resulting high degree of carbide 
dispersion and to a critical amount of strain produced in the steel. 
This suggested examination of the effect of a severe weld quench 
upon subsequent subcritical graphitization. For this purpose 
specimens were prepared by fusing the center of l-in-diam by 
'/s-in-thick disks of a straight silicon-killed and of a high-alumi- 
num-deoxidized carbon-molybdenum steel, respectively, between 
the water-cooled tips of a spot-welding machine. The current 
impulse applied heated the core of the disks from cold to fusion 
within '/,; sec, ?/,5 sec, and '/; sec, respectively, the specimens then 
being cooled to room temperature within 1 sec. The fused nugget 
was surrounded by a martensitic heat-affected zone which 
changed so abruptly to the unaffected metal that some of the 
pearlite islands in the contact zone were half martensitic and 
half troostitic-pearlitic (see Fig. 62). The prepared disks were 
again heated in a charcoal-covered lead bath, maintained at 1000 
F. Table 4 shows the characteristics of the steels, the welding 
conditions, and graphitization test results. 

The specimens were microscopically examined after 1500, 3000, 
4500, and 6000 hr at 1000 F, but failed to give any indication of 
the presence of graphite within 4500 hr soaking time. After 
6000 hr, a few isolated small graphite nodules were observed in 
the abnormal steel (see Fig. 64). The straight silicon-killed steel 
displayed only carbide spheroidization in situ, while the high 
aluminum-deoxidized steel also showed diffusion of the carbide 
to the grain boundaries and carbide coalescence (see Figs. 63 and 
64). Inasmuch as the same type of steel, with slower rates of 
cooling, had always been found graphitized within a much shorter 
time, and in most cases exclusively in those zones which, during 
the process of welding or during a preceding heat-treating opera- 
tion, had been heated and cooled through the A, temperature, the 
speculation arose whether the formation of the first graphite cells 
on nuclei was not favored by the atomic rearrangements accom- 


* Trans. A.S.M., vol. 30, 1942, p.425. Austin & Norris. 


panying the A, allotropic transformation. Should this be the 
case, then the experiments just described could be interpreted as 
meaning that an extremely fast rate of cooling through the A; 
temperature might not produce the sensitivity to the initiation of 
graphitization. 


GRAPHITIZATION Tests WITH THREE TyPEs OF CARBON-MOLYB- 
DENUM STEEL ISOTHERMALLY TRANSFORMED AT VARIOUS HIGH 
AND Low TEMPERATURES 


The results of these tests led the authors to explore the effect of 
isothermal transformation at various high and low temperatures 
upon the subcritical graphitization of three types of carbon- 
molybdenum steel as represented by a high-aluminum-deoxidized 
steel, a straight silicon-killed steel, and a special steel containing 
0.70 per cent chromium which was silicon-deoxidized with a ladle 
addition of 0.44 lb aluminum per ton. The characteristics of the 
three steels, the transformation temperatures employed, and the 
graphitization results obtained are summarized in Table 5. 

The specimens consisted of '/, in. X !/2in. X !/z in. disks and 
were heated in a lead bath to 1700 F, held for '/2 hr, and then 
quenched into the isothermal bath. The holding times in the 
latter were taken from the isothermal transformation diagram for 
the 0.5 per cent molybdenum steel developed and described by 
Blanchard, Parke, and Herzig.° The graphitization tests were 
again conducted in a charcoal-covered lead bath maintained at 
1000 F. 

The straight silicon-killed steel and the chromium-containing 
steel did not graphitize at all and will be omitted from further 
discussion of this test. 

In view of the small specimen size it was found quite difficult 
to appraise the results quantitatively. However, it appeared 
quite distinct that transformation at 1250 and 1200 F produced 
more graphite nodules than transformation at any of the lower 
temperatures. The growth of the nodules at the graphitization 
temperature (1000 F) was very irregular and seemed to be in- 
fluenced by segregation or inhomogeneity phenomena. Some 
zones showed graphite and others did not. It was also observed 
that graphite nodules were more numerous and grew faster when 
they were located between clusters of nonmetallic inclusions. 

The test results obtained indicate that graphitization in the 
high-aluminum-deoxidized steels may occur at subcritical tem- 
peratures following transformation at various temperatures, i.e., 
irrespective of the rate at which the steel had cooled prior to 
exposure to the subcritical graphitizing temperatures. However, 


1 Trans. A.S.M., vol. 20, 1941, pp. 317-338. 
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TABLE 4 DISKS WITH SPOT ee FUSED AND CHILLED 
CORES 


(Specimens 1 in. round X ?/s in. thick) 
pe 


Deox. with Graphite* after 
Spec. Moterial Ib. Al /ton Amps. Cycles 1500 hr 3000 hr 6000 hr 
1A Plate “X-2", 1675 F/Air none 43,700 4 none none none 
1B Plate “X-2", 1675 F/Air none 35,400 8 none none none 
1¢ Plate "X-2", 1675 F/Air none 32,200 12 none none none 
2A Service Pipe "S4/7" 1.8 43,700 4 none none little : 
Upset End, as-received 
2B Service Pipe "S4/7" 1.8 35,400 8 none none little j 
Upset End, as-received 
2c Service Pipe "S4/7" 1.8 32,200 12 none none little : 
Upset End, as-received : 
3A Service Pipe “S4/7" 1.8 43,700 4 none none little 
Upset End, 1700 F/Air 
3B Service Pipe “S4/7" 1.8 35,400 8 none none little ; 
Upset End, 1700 F/Air : 
3¢ Service Pipe “S4/7" 1.8 32,200 12 none none little { 
Upset End, 1700 F/Air 
* See Illustrations, Figs. 63 and 64 
McQuaid-Ehn 
Cc Mn Si P s Mo Grain Size Normality Illustration 
Plate “X-2" -20 84 Pr & | 019 .023 49 1-2 (some 3) Norm. (Type |) Fig. 69 
Pipe “S4/7" ae 45 14 012 .026 .53 6-7 Abn. (Type Ill) Fig. 70 
i 
TABLE 5 TESTS WITH ISOTHERMALLY TRANSFORMED : 
STEELS 
(Specimens !/2in. X !/2:in. X !/32 in.) 
Deox. with Transform Graphite after 
Spec. Moteriol Ib. Al ‘ton Temp. F 1500 hr 3000 hr 6000 hr 
SP-1250 Service Pipe “S4/7" 1.8 1250 medium increased increased / 
Upset End, 1650 F/Air 
SP-1200 Upset End, 1650 F/Air 1.8 1200 medium increased increased 5 
SP-1000 Upset End, 1650 F/Air 1.8 1000 traces segregated increased F 
SP-800 Upset End, 1650 F/Air 1.8 800 traces segregated increased 
SP-600 Upset End, 1650 F/Air 1.8 600 traces none some 1 
SP-500 Upset End, 1650 F/Air 1.8 500 none none none 3 
SP-300 Upset End, 1650 F/Air 1.8 300 none little increased 5 
SP-200 Upset End, 1650 F/Air 1.8 200 traces little some 4 
SP-1650W Upset End, 1650 F/Air 1.8 1650 F/Water none none some } 
SP-1650Br Upset End, 1650 F/Air 1.8 1650 F/Brine none segregated segregated 
HB-1250 Plate *X-5", 1650 F/Air none 1250 none none none 
HB-1200 Plate "X-5", 1650 F/Air none 1200 none none none 
HB-1000 Plate “X-5", 1650 F/Air none 1000 none none none 
HB-800 Plate “X-5", 1650 F/Air none 800 none none none 
HB-600 Plate “X-5", 1650 F/Air none 600 none none none 
HB-500 Plate "X-5", 1650 F/Air none 500 none none none 
HB-300 Plate “X-5", 1650 F/Air none 300 none none none 
HB-200 Plate “X-5", 1650 F/Air none 200 none none none 
HB-1650W Plate “X-5", 1650 F/Air none 1650 F/Water none a none none 
HB-1650Br Plate “X-5", 1650 F/Air none 1650 F/Brine none none none 
28-1250 Plate “X-4", 1650 F/Air 45 1250 none none none 
28-1200 Plate “X-4", 1650 F/Air 45 1200 none none none 
2S-1000 Plate “X-4", 1650 F/Air 45 . 1000 none none none 
28-800 Plate "X-4", 1650 F/Air 45 800 none none 
28-600 Plate "X-4", 1650 F/Air 45 600 none none none 
258-500 Plate “X-4", 1650 F/Air 45 500 none none none 
28-300 Plate "X-4", 1650 F/Air 45 300 none none none 
28-200 Plate "X-4", 1650 F/Air .45 200 none none none 
28-1650W Plate “X-4", 1650 F/Air 45 1650 F/Water none none none 
2S-1650Br Plate “X-4", 1650 F/Air 45 1650 F/Brine none none none 
McQuaid-Ehn 
c Mn Si P Ss Mo Cr Grain Size Normality Illustration 
Pipe “S4/7" ay 45 14 .012 .026 &3 — 6-7 Abn. (Type Ill) Fig. 70 
Plate “X-5" ay .83 19 .034 .026 49 _— 1-3 Norm (Type !) Fig. 73 
Plate “X-4" -56 46 69 4-5 (some 2) Norm (Type 1!) Fig. 72 
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Specimen 7 after 1000 hr; 1000 


Specimen 7 after 3000 hr; 1000 


59 SINGLE Spor WELD, Srress-ReELIEVED, SpecIMEN FROM Service Pipe S4/7, Upset Enp NORMALIZED aT 1700 F 


Fic. 
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% > 
Specimen 10 after 2050 hr; 1000 Specimen 10 after 3000 hr; X 1000 


Fic. 60 Spor We tp, Specimen From Service Pipe S4/7, Upset ENp NorMALIZED AT 1700 F 
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Fic. 61 Macro-Ercuep Section Disk Sport Weip-Fusep anp CHILLED CorE 
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X 1000 


Fig. 62 TxaNnsiTION ZonE From Heat-AFrectep To Heat UNAFFECTED METAL oF Disk WitH Spot-We.Lp-Fusep Corre 


Specimen 1A after 6000 hr; 1000 
Fic. 63 Low-TEMPERATURE-HEAT-AFFECTED ZONE OF Disk WITH 
Spot-WeELp Fusep Core, PREPARED From EXPERIMENTAL PLATE 
X-2 


transformation at high temperatures which in practice amounts 
to slow cooling, seems to favor nucleation. 


GRAPHITIZATION Tests WitH Two Types or CARBON-MOLYB- 
DENUM STEEL QUENCHED FrRoM TEMPERATURES JUST ABOVE AND 
BELOW THE A; Point 


It has been pointed out on previous occasions that the prefer- 
ential, though not exclusive, occurrence of graphite in the low- 
temperature region of the heat-affected zone of welds, or the 
localized formation of graphite in zones which previously had been 
heated to temperatures in the vicinity of the A; point as, for ex- 
ample, in the forge-spheroidized transition zone from the upset 
end to nonupset part of pipes, seemed to indicate that such pre- 
vious heating and cooling through the A; transformation favors 
the initiation of graphitization. In order to throw some light 
on this question the authors quenched specimens of a high- 
aluminum-deoxidized and of a straight silicon-killed steel from 
1400, 1350, 1300, and 1250 F, respectively, into an ice-brine mix- 
ture and then heated them in a charcoal-covered lead bath, 


Specimen 2A after 6000 hr; X i000 
Fic. 64 Low-TemperatTure-HeAT-AFFECTED ZONE OF Disk WITH 
Spot-We.p-Fusep Core, PREPARED From Service Pires S47 
Upset Enp as REcEIvVED 


maintained at 1000 F, for purposes of graphitization. According 
to the microscopic evidence, the A, transformation temperature 
of the steels employed was between 1350 and 1400 F. The speci- 
mens, which were '/: in. X '/, in. X 1/4 in., were held at the 
quenching temperature for '/, hr. A summary of the characteris- 
tics of the two steels, of the testing conditions, and the results ob- 
tained is given in Table 6. 

None of the specimens from the straight silicon-killed stec! 
showed evidence of graphite formation within a total holding 
time at 1000 F of 6000 hr. 

The first appearance of graphite formation in the high-alu- 
minum-deoxidized steel was noted after 3000 hr in the samples 
quenched from 1400 F and 1350 F, respectively. The graphite 
in the 1400 F quenched specimen appeared as randomly scattered 
small nodules, while that in the 1350 F quenched sample occurred 
only in a localized zone and interspersed with some nonmetallic 
inclusions, suggestive of having been promoted by local segrega- 
tion. 

After 4500 and 6000 hr, graphite was found in all specimens, 
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TABLE 6 SPECIMENS QUENCHED FROM TEMPERATURES NEAR THE A; POINT 
i Deox. with Graphite* after 
; Spec. Material Ib. Al/ton 1500 hr 3000 hr 4500 hr 6000 hr 
A1250 Service Pipe "S4/7" 1.8 none none in segreg. zone in segreg. zone 
Upset End, 1650 F/Air 
A1300 Upset End, 1650 F/Air 1.8 none none in cold worked edge none 
A1350 Upset End, 1650 F/Air 1.8 none in segreg. zone in segreg. zone in segreg. zone 
4 A1400 Upset End, 1650 F/ Air 1.8 none uniform, small uniform, increased uniform, increased 
4 B1250 Plate "X-5", 1650 F/Air none none none none none 
3 81300 Plate “X-5", 1650 F/Air none none none none none 
4 B1350 Plate “X-5", 1650 F/Air none none none none none 
. B1400 Plate "X-5", 1650 F, Air none none none none none 
: * See illustrations, Figs. 65 and 66. 
McQuaid-Ehn 
Cc Mn Si P Mo Grain Size Normality 'lustration 
4 Pipe “S4/7" an 45 14 012 026 53 6-7 Abn. (Type Il) Fig. 70 
Plate “X-5" 17 .83 .026 49 1-3 Norm. (Type !) Fig. 73 
occurred throughout the body of the specimen as randomly j | 
j from 1350, 1300, and 1250 F, respectively, graphite was found Sp ere, t ; | 
only ina localized zone amongst a cluster of nonmetallic inclusions 
tropic transformation at the A; point favors graphite nucleation. i 
They also show that other factors, such as segregation phenom- 
ena and strain, may exert a powerful influence upon subcritical & 5 
MOLYBDENUM STEEL IN Various ConpITIONS OF HEAT-TREAT- gh 
The stabilizing influence of chromium with respect to carbide Ww 
disassociation is well known from the malleableizing process and 4. °% ¢ ¥e 
has led the authors to examine the graphitization resistance of 
a carbon-molybdenum steel, to which 0.70 per cent chromium had 
been added. The deoxidation of this steel was carried out with ; 
f Specimen A1400 after 6000 hr; 500 
erro-silicon and an addition of 0.42 lb aluminum per ton which 
: Fig. 65 Spectmen From Service Pree S4/7, Upset Enp NoRMAL- 
resulted in total McQuaid-Ehn normality (see Fig. 72). The 1zED AT 1650 F; WaTER-QuUENCHED From 1400 F 
; experimental steel was forged into a 1'/.-in-thick plate which, 
after a double normalizing and drawing treatment, was sectioned .— 
and the sections welded together, using standard carbon-molyb- 
denum steel electrodes and special chromium-bearing carbon- \ ~ 
molybdenum steel electrodes, respectively. Transverse sections § 
from the two types of weldments were then heat-treated as indi- Ae a fb € J 
cated in Table 7, and subsequently placed in a charcoal-covered 
lead bath, maintained at 1000 F, for a total time of 6000 hr. : % : 
i None of the specimens showed any indication of graphite forma- | aig 
tion, either in the weld-affected zone or in the weld-unaffected 8 
b- Errecr oF TestinG at 950 F Unper 10,000 Pst “\ 
THE GRAPHITIZATION BEHAVIOR OF A HiGH-ALUMINUM-DEOXI- ' 
el bIZED CARBON-MOLYBDENUM STEEL IN VARIOUS CONDITIONS OF aN 4 
ug Heat-TREATMENT “IN 
q The failure at Springdale and the general graphitization sen- 
sitivity of the high-aluminum-deoxidized carbon-molybdenum 
se | steels suggested the checking of the relative creep resistance of ~ 4 
the various structures which are encountered in such steels in § 
actual installations. These structures may vary according to the 
lic preceding heat-treatment of the material. For instance, some ' 5 = a 
nipe ends ar i sults 1 
“a pipe e upset at high temperatures which results in a coarse Specimen A1300 after 6000 hr: X500 


grain structure unless the upset part is subsequently refined by @ yg. 66 SpecimEN From SERVICE PIPE S4/7, Upset Exp Nor- 
normalizing treatment. Again, if the whole pipe is not normal- MALIZED AT 1650 F; Warer-QuEeNCHED From 1300 F 
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TABLE 7 TESTS WITH CHROMIUM; STABILIZED CMo STEEL 


Deox. with Type Post Heat- Graphite after 
Spec. Moterial Ib. Al/ton Electrode Preheat F Treatment 840 hr 3000 hr 6000 hr 
1X Plate “X-4" 45 Standard CMo 250 1150 F/ Fee none none none 
1Z Plate “X-4" 45 Standard CMo 250 1700 F/Fce none none none 
1GN Plate "X-4" 45 Special CMo+Cr 400 1700 F/Air none - none none 
1GND Plate "X-4" 45 Special CMo+Cr 400 1700 F/Air+ none none none 
1250 F/ Fee 
McQuaid-Ehn 

c Mn Si P Ss Cr Mo Grain Size Normality Illustration 

Plate "X-4" .26 .56 32 _ — .69 46 4-5 (some 2) Norm. (Type |) Fig. 72 


TABLE 8 CREEP TESTS WITH SPECIMENS FROM UPSET END OF SERVICE PIPE S AFTER VARIOUS HEAT-TREATMENTS 


Creep 

Spec. Condition Temp. F Stress, p.s.i. Duration, hr ©} in 100,000 hr Graphite 
269-1 As-Received ; 950 10,000 2380 9 none 
269-2 As-Rec. + 1700 F/Air 950 10,000 2250 1.2 none 
269-3 As-Rec. + 30 hr at 1300 F 950 10,000 2450 6 none 
269-4 As-Rec. + 2 hr at 950 10,000 2000 2 none 

2200 F/Fee. 
269-5 As-Rec. + 2200 F/Fee + 950 10,000 2010 9 none 

30 hrs at 1300 F 
269-6 As-Rec. + 1700 F /Air + 950 10,000 2020 1.5 none 

30 hrs at 1300 F 

McQuaid-Ehn 
Cc Mn Si P Mo Grain Size Normality Illustration 

Service Pipe "S" 05 .55 16 .012 .026 .54 8 Abn. (Type Ii/Ill) Fig. 16 


ized after the upsetting operation, there will be a transition zone 
between the upset and the nonupset part of the pipe which con- 
tains a range of microstructure similar to that in the heat-affected 
zone adjacent to a weld. 

The authors determined the relative creep resistance of the 
various microstructures which are encountered in carbon-molyb- 
denum steel for high temperature service with specimens from the 
coarse-grained upset portion of a large pipe which had been re- 
moved from an installation because of graphitization in the low- 
temperature region of the weld-affected zone. The specimens 
were given the following heat-treatment: 

No. 1—No heat-treatment. Material represents the coarse-grained 

Widmanstatten structure of the upset part of the pipe ‘‘as re- 

No. at1700F. Fine-grained Widmanstatten structure 


No. 3—Spheroidize-Annealed 30 hr at 1300 F 
No. 4—Annealed !/2 hr at 2200 F and slowly cooled in furnace (50 F 


per hr) 

No. 5—Annealed !/: hr at 2200 F, slowly cooled in furnace, and then 
spheroidize-annealed 30 hr at 1300 F 

No. ee at 1700 F and then spheroidize-annealed 30 hr at 
1 


The characteristics of the steel, the testing conditions, and the 
results obtained are given in Table 8. Disregarding the creep 
values which are considered indicative, but not accurate due to the 
short time and the length of the specimens, the significant fact 
is that none of the specimens showed any signs of graphite forma- 
tion, although the same steel had graphitized quite readily in pre- 
vious tests—see ‘“‘Repeatedly Arc-Welded Specimens’’—within 
less than 1000 hr, when it had been multiple-welded. From this 
the deduction seems to be warranted that a stress of 10,000 psi 
at 950 F is less effective in inducing graphitization than heating 
and cooling through the A; temperature. 


GRAPHITIZATION BEHAVIOR OF AN ARC-WELDED INTERMEDIATE 
Type or CarRBON-MOLYBDENUM STEEL WitTH Various Post- 
TREATMENTS, DurinG Creep Tests aT 1000 F 


The creep tests subsequently described were designed as 


graphitization tests for the purpose of studying the behavior of 
an intermediate type of carbon-molybdenum steel which had re- 
ceived in the deoxidation practice 0.5 lb aluminum per ton of 


melt plus some addition of a similarly effective deoxidizer. In 


the McQuaid-Ehn test, this steel displayed a fine grain size and 
a medium degree of abnormality. Attempts to graphitize this 
steel after repeated arc-welding had been unsuccessful. To ex- 
plore its graphitizing sensitivity in more detail, the following tests 
were made: 

A normalized 15/s-in. plate of the steel was cut in half, and the 
halves were welded together, using a 400 F preheat and standard 
carbon-molybdenum steel electrode. The welded plate was then 
cut into five transverse weld sections which were given the fol- 
lowing post-weld treatments. 

No. 1—Stress-relieved 4 nr at 1050 F and furnace-cooled 

No. 2—Stress-relieved 1 hr at 1150 F and furnace-cooled 

No. 3—Stress-relieved 1 hr at 1250 F and furnace-cooled 

No. 4—Stress-relieved 1 hr at 1400 F and furnace-cooled 

No. 5—Normalized (1 hr) at 1700 F and drawn 1 hr at 1150 
F, followed by furnace-cooling 

Test specimens were then cut from these heat-treated weld 
sections and rough-machined to creep coupon dimensions with 
the weld located in the center of the gage length. However, the 
shoulders between the gage length and the threaded ends were 
also machined to the same diameter as the gage-length section 
and then built up with weld metal, using standard carbon-molyb- 
denum steel electrodes, as follows: 


No. 1—Shoulders replaced with weld metal............. once 
No. 2—Shoulders replaced with weld metal............. 4 times 
No. 3—Shoulders replaced with weld metal............. 3 times 
No. 4—Shoulders replaced with weld metal............. 2 times 
No. 5—Shoulders replaced with weld metal............. once 


The welding of the shoulders was carried out with the speci- 
mens partially immersed in water. The coupons were then 
finish-machined. 

Thus each specimen contained in the center of gage length 
a weld stress-relieved in the indicated way and at each shoulder 
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the weld-affected zone from one or several superimposed beads 
in the unstress-relieved condition. 

A summary of the test program, together with the results ob- 
tained, is given in Table 9. It will be noted that graphite was 
found only in the unstress-relieved heat-affected zones of those 
shoulder welds which had been made with repeated weld metal 
deposits. The heat-affected zone of the welds in the center of the 
gage length as well as the weld-unaffected metal of all specimens 
was found totally free from graphite. 

The graphite in the affected specimens was located in the low- 
temperature end of the weld-affected zones and occurred as scat- 
tered small nodules which were few in number and did not permit 
safe quantitative appraisal (see Fig. 67). However, the impres- 
sion prevailed that the nodules were slightly more numerous in 
specimens Nos. 2 and 3 which had been welded at the shoulders 
four and three times, respectively, than in specimen No. 4 which 
had been welded only twice. 

The results of these tests demonstrate that the intermediate 
type of steel which may be quite resistant to graphitization under 
conditions when the totally abnormal high-aluminum-deoxidized 
steel graphitizes readily, may form graphite under particularly 
favorable circumstances. It is also apparent that repeated super- 
imposed welding as well as the presence of critical stresses may 
promote graphitization quite effectively. The conclusion seems 
to be warranted that a Shitable preheat and stress-relieving treat- 
ment may effectively retard graphitization or prevent it entirely 
under certain favorable conditions with certain steels. 


CONCLUSION 


The service behavior of the materials and the results of the de- 
scribed laboratory tests led to the following conclusions: 


Low-Carbon Steel: 


1 Abnormal low-carbon steel with normal heat-treatments 
graphitizes in a random arrangement in the observed temperature 
range of 850 to 1020 F with reasonable stress. 

2 Normal low-carbon steel under identical conditions for 8*/, 
years at 1020 F was found free of graphite in both the weld- 
affected zone and in the weld-unaffected metal. 

3 Welding abnormal steel produces little if any localized 
or preferential effect, that is, the heat-affected zone of welds 
shows no more graphitization than the heat-unaffected metal. 

4 Carbon-steel weld metal has graphitized in some cases, in 
other cases it has not. 


Low-Carbon-M olybdenum Steel: 
5 Abnormal and normal carbon-molybdenum steels show 
slight, if any, graphite after 5'/2 years of service at 935 to 950 F 


and shorter periods, 4 years at 1050 F, except in such cases where 
the abnormal steel has been subject to heating and cooling either 


by welding or other heat application through the lower critical 
range. 

6 The foregoing means that molybdenum exerts a very defi- 
nite resistance to graphitization. 

7 Abnormal carbon-molybdenum steels in general, when sub- 
jected to the heating and cooling operation referred to in No. 5, 
graphitize in service at temperatures as low as 915 F. They can 
be graphitized in the laboratory within 1000 hr at 1000 F. 

8 Repeated applications of the heating and cooling cycle 
through the A; transformation promote graphite formation in a 
given time at the subcritical temperature of 1000 F. 

9 Increased rates of heating and cooling appear to favor the 
formation of chain graphite. 

10 Slightly abnormal carbon-molybdenum steel which has 
been subject to the heating and cooling cycle has shown slight 
graphitization in service at 950 to 975 F. In the laboratory the 
repeated application of the heating cycle under quick cooling has 
developed graphite after 3500 hr at 1000 F at an applied stress of 
5000 psi. 

11 Normal carbon-molybdenum steel which has been subject 
to the heating cycle is not found graphitized in service at tempera- 
tures up to 975 to 990 F and in the same pipe line in.which ab- 
normal carbon-molybdenum steel has graphitized severely. 

12 Normal carbon-molybdenum steel subjected to repeated 
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Fig. 67 Low-TEMPERATURE-WELD-AFFECTED ZONE IN SHOULDER 
WELp or CREEP TEST SPECIMEN 270-2 


TABLE 9 CREEP TESTS WITH ARC-WELDED INTERMEDIATE TYPE OF CMo-STEEL WITH VARIOUS POST-WELD TREATMENTS 
(Temperature 1000 F—Stress 5000 psi) 


Post Weld Treatment Weld. Cycles Duration Creep Graphite* 
Spec. Center Weld Shoulder Weld at Shoulders of Test hr ©} in 100,000 hr At Center Weld At Shoulder Weld 
270-1 3hr. at 1050F —As-Welded 3660 1.5 none none 
270-2 1 hr. at 1150 F As-Welded 4 5520 LS none little 
270-3 1 hr. at 1250 F As-Welded 3 3580 1.0 none little 
270-4 1 hr. at 1400 F As-Welded 2 3650 2.5 none little 
270-5 1700 F/Air + As-Welded 1 4140 1.5 none none 
1 hr. at 1150 F 
* See Illustration, Fig. 67. 
McQuaid-Ehn 
Material c Mn Si Pp $s Mo Grain Size Normality Illustration 
Plate “X-1" .18 75 .23 012 024 43 7-8 Abnormal (Type Il-3) Fig. 68 
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heating cycles in the laboratory has not developed graphite after 
6000 hr at 1000 F. 

13 Carbon-molybdenum weld metal, although abnormal in a 
McQuaid-Ehn test, has been found free of graphite. 

14. The McQuaid-Ehn test has proved to be a valuable cri- 
terion of the graphitizing tendency of carbon and carbon-molyb- 
denum steel. 


On the basis of the studies made it is recommended that 
coarse-grained normal carbon-molybdenum steel with an addition 
of 0.4 to 0.6 per cent chromium be used for high-temperature 
steam-plant application because of the greater stability of the 
carbide phase in these normal steels as compared to similar steels 
showing abnormalJity on the McQuaid-Ehn test. 


APPENDIX A 
Creep Data on Material K-20 


By F. H. NORTON" 


AccuRACY OF TEMPERATURE MEASUREMENT 


At the completion of the test the three thermocouples were 
recalibrated and were found to be within +*/; F of the original 
calibrations. 

The furnace and specimen were kept within an average of + 1 
F or less of the main temperature. On rare occasions the devia- 
tion was + 3 F maximum. 


ContTINUITY OF TEST 


The electric current was interrupted 17 times during the test. 
Nearly all of these occasions were due to circumstances beyond 
our control such as power failure at source or failure in some part 
of the system which required shutting down our branch in order 
to make repairs. 


At 65,707 hr the furnace was shut off and allowed to cool com- 
pletely with the load still on the specimen. This had to be done 
because of the fact that the weight pan was nearly touching the 
floor. The load was then shifted entirely to the beam. This 
was done simultaneously by several people. The furnace was 
then started up again with the load on the specimen and the test 
resumed. The record of interruptions is listed in Table 10. 


TABLE 10 POWER INTERRUPTIONS 


9024 hr Temperature low—broken furnace bulb 
10152 hr Power off 
11232 hr Changed from a-c to d-c (momentary lapse) 
11496 hr Power off 10 min 
12384 hr Power off 4 min 
12982 hr Power off 1 hr 
14088 hr Power off 15 min 
15720 hr Changed back to a-c (momentary lapse) 
15744 hr Power off 15 min 
16104 hr Power off 2 min 
16224 hr Power off 8 min 
20448 hr Power off 15 min 
24936 hr Power off 10 min 
38543 hr Power off 10 min 
43967 hr Power off 4 hr 
49892 hr Power off 12 min 

707 hr Power off overnight to change load to beam 
75237 hr Test ended 

EXTENSION 


The total extension over the 10-in. gage length was approxi- 
mately */s in. 


11 Professor of Metallurgy, Massachusetts Institute of Technology, 
Cambridge, Mass. 


TABLE 11 ELONGATION IN SPECIMENS 
--——850 F—7500 psi——~ 


Me. 224-1——_. 


Hours nches per Inch Hours Inches per Inch 
0 0. 39017 0.0228 
1008 0.0021 40002 0.0232 
2016 0.0030 41010 0.0237 
3000 0.0036 42018 0.0242 
4008 0.0042 43007 0.0247 
5016 0.0048 44010 0.0251 
6000 0.0053 45020 0.0256 
7008 0.0059 46004 0.0260 
8016 0.0064 47012 0.0265 
9000 0.0069 48020 0.0270 
10008 0.0074 49004 0.0274 
11016 0.0080 50012 0.0278 
12000 0.0085 51020 0.0282 
13008 0.0091 52004 0.0287 
14016 0. 6 53013 0.0291 
15024 0.0102 54021 0.0295 
16032 0.0108 55005 0.0299 
17040 0.0113 56013 0.0303 
18020 0.0118 57021 0.0306 
19003 0.0124 58005 0.0310 
20011 0.0129 59013 0.0313 
21000 0.0135 60017 0.0317 
22008 0.0140 61025 0.0320 
23010 0.0146 62008 0.0324 
24000 0.0151 63001 0.0327 
25008 0.0157 64009 0.0330 
26016 0.0163 65017 0.0334 
27000 0.0168 66019 0.0337 
28008 0.0173 67023 0.0341 
29016 0.0178 68007 0.0346 
30000 0.0183 69019 0.0350 
31008 0.0188 70003 0.0355 
32016 0.0193 71012 0.0359 
33000 0.0198 72027 0.0363 
34008 0.0204 73012 0.0367 
35040 0.0209 74018 0.0372 
36023 0.0214 75023 0.0376 
37002 0.0218 75237 0.03775 
38010 0.0223 Final 


The elongation in inches per inch, at 1000-hr intervals, is given 
in Table 11 and plotted in Fig. 74. 
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Discussion 


H. Weispera.'? The investigation, commenced in 1943, of 
graphitization of the high-temperature piping in the Public 
Service Electric and Gas Company Stations has continued, and 
at this time 45 joints have been sampled. Five of these have 
been resampled a second time after additional service. © 

Six joints have been found sufficiently graphitized in the con- 
tact zone between the parent metal and the weld heat-affected 
area to require cutting out and rewelding. These are listed in 
Table 12 of this discussion and were all in carbon-moly steel, 
killed with approximately 2 lb of aluminum per ton. 

There are two 12-in. and four 8-in. joints involved. Service 
time varies from 24,636 to 45,972 hr. Steam temperature aver- 


12 Mechanical Engineer, Electric Engineering Department, Public . 
Service Electric and Gas Company, Newark, N. J. Mem. A.S.M.E. 
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aged 927 to 936 F, with 1353 to 2500 hr above 950 F and a maxi- 
mum temperature of 990 F. The first and last items in the tabu- 
lation are joints at opposite ends of the same valve. One end of 
the valve, corresponding to specimen No. 28, was resampled 
6515 hr after rewelding and showed no graphite. A heat-treat- 
ment of 4 hr at 1300 F was applied following the rewelding oper- 
ation. 

Based on our observations up to this time, the factors respon- 
sible for and accelerating the formation of the segregated type 
of graphite in the contact zone at welded joints are as follows: 


(a) Amount of aluminum used in deoxidation 
(b) Service temperature 

(c) Time in service 

(d) Stress in service 

(e) Heat input during welding 

(f) Post-weld heat-treatment. 


. With so many factors involved, the results of sampling welds 
which have been in service under variable conditions yield 
seemingly inconsistent results. The concentration of graphite 
found will vary considerably on the two ends of the same length 
of pipe, around the circumference of a joint as well as from the 
inside to the outside of the pipe wall. Using the more easily de- 
termined factors as a guide, particularly the first three, i.e., 
amount of aluminum used in deoxidation, service temperature, 
and time in service, it is believed that the joints most likely to 
be severely graphitized have been uncovered. All that were 
found in a questionable condition have been rewelded. 

Fig. 75 of this discussion shows micrographs of specimen No. 
50, representing the worst case found. Miniature bend bars 
from this probe broke in the graphitized contact zone with 6 per 
cent elongation. Fig. 76 shows micrographs of the contact zone. 

We have recently found an instance of a small amount of graph- 
ite in the contact zone of a welded joint at a carbon-moly forged 
tee which was normal by McQuaid-Ehn test. The joint had been 
in service 45,972 hr at 936 F average temperature, with 2500 hr 
over 950 F. Fig. 77 shows the McQuaid-Ehn test. Fig. 78 shows 
etched micrographs of the specimen. Graphitization is not suf- 
ficient to impair ductility. The presence, however, of any graph- 
ite in this normal steel is contrary to the observations of Kerr and 
Eberle. It is planned, therefore, in the near future to remove the 
entire forging for more detailed examination. 

Accelerated tests at 1000 F are being carried out on several 
piping materials removed from service, as well as unused mate- 
rials, to determine the following: 


(a) Effect of additional heating on various materials now in 
service. 

(b) Effect of various heat-treatments before welding. 

(c) Effect of various heat-treatments after welding. 

(d) Effectiveness of dissolving graphite by normalizing in 
cases where physical properties have not yet been impaired. 


In connection with the graphite-dissolving tests, normalizing 
at temperatures up to 2200 F has been investigated. Bend speci- 
mens of joints where the ductility had been reduced show only a 
slight improvement after this heat-treatment, which agrees with 
results obtained by Emerson and others. Fig. 79 shows micro- 
structures of the specimen shown in Fig. 76, after normalizing 
for 2 hr at 1700 F. The dark spots indicate a residue or voids 
left in the general area where the graphite nodules were before 
the heat-treatment. As far as is known there has been no satis- 
factory explanation or identification of this residue. A 2200 F 
treatment gave approximately the same result. 

The only cure for badly graphitized joints at this time appears 
to be cutting out and rewelding. A normalizing post-weld 
heat-treatment at 1700 F might be used after rewelding and 


should avoid recurrence of graphitization of the contact zone, 
but this is difficult to apply at valve joints. A heat-treatment of 
4 hr at 1300 F may be sufficient, and this is what we are using 
until more information is available. 


TABLE 12. JOINTS REWELDED 


Average Hours 

tempera- above 

Specimen Hours ture, 950 F 
no. Material service deg F temp 

28 12 in. cast valve 24636 927 1353 

33 8 in. pipe 42263 931 1500 

36 8 in. pipe 42263 931 1500 

46 8 in, pipe 45972 936 2500 

49 8 in. pipe 45972 936 2500 

50 12 in. cast valve 31151 927 1500 


H. W. McQuaip.'® The whole study of the effect of alumi- 
num and especially the effect of certain combinations of aluminum, 
sulphur, and nitrogen on the carbide solubility and the grain 
growth characteristics is of much greater importance to the use 
of steel for some important applications than is generally realized. 

Normality and abnormality were much discussed several years 
ago and have yet to be clearly explained. Davenport and Bain 
and others consider “abnormality” as the tendency of a steel to 
precipitate excess carbon as thick carbide envelopes in a slowly 
cooled carburized steel with coarse lamellar pearlite, if any, sepa- 
rated from the network by a wide band of ferrite, sometimes con- 
taining large spheroids of carbide. They consider a normal steel 
as one in which the excess carbon on slow cooling separates as 
thin, smooth carbide envelopes entirely contiguous with the finer 
lamellar pearlite. 

Dayenport and Bain state that an abnormal steel during trans- 
formation possesses high carbon diffusivity relative to the velocity 
of the austenite transformation in the early stages. 

Thus the tendency for the carbide to agglomerate according to 
the foregoing theory would be greater in the abnormal type of 
steel and spheroidization more easily obtained. 

Normality has been the basis upon which thousands of tons of 
plain-carbon low-carbon carburizing steel was purchased when so 
much difficulty was found in preventing soft spots on the hard- 
ened surface of the water-quenched carburized parts. 

It was also the basis upon which hundreds of thousands of tons 
of carbon molybdenum steel for heat-treating was purchased 
under the trade name of Amola steels. 

Many important and careful studies of the abnormality charac- 
teristics of steel have been made in America and in Europe. Of 
these the work of Digges and Wills have been among the most 
important. Digges showed that the “abnormality” characteristic 
was the inherent characteristic of pure iron free from manganese, 
aluminum, or other alloys. In connection with the work done 
with Wills, where the goal was ‘abnormal’ structures in the 
slowly cooled carburized test which contained manganese and 
molybdenum, it was found that nitrogen played an important 
part, and the lower carbon open-hearth types required nitrogen 
additions if the proper degree of abnormality was to be obtained. 
The work of Sims and others has indicated the connection be- 
tween the aluminum and sulphur in promoting envelope sulphides 
in the range of aluminum additions most likely to promote ab- 
normality and this has also been found to have a direct relation 
to reduced solubility for carbides in austenite and a distinct tend- 
ency to prevent uniform carbon diffusion in localized areas. 

If we consider a moment what we really mean when we state 
that the carburizing test shows abnormality, this will be clearer. 
Suppose in making this test we supersaturate with carbon at 
1700 F the outer portion of tests from two heats of steel and then 


13 Manager, Process and Product Development Division, Republic 
Steel Corporation, Cleveland, Ohio. 
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we permit them to cool very slowly in the carburizing compound 
which is an excellent insulator. 

At a certain relatively high temperature in one of these steels 
the excess carbon is precipitated in the form of iron carbide in 
ferrite. At the relatively high temperature the ferrite offers little 
interference to the tendency of the carbide to coalesce. The 
precipitation and coalescence of the carbide in relatively heavy 
masses is accompanied by a depletion of carbon in the surround- 
ing areas so that there is always present excess ferrite surrounding 
the partially coalesced carbides. 

This steel we say upon examination is “abnormal.” In the 
other test the precipitation of excess carbon as carbide occurs at 
a lower temperature in a ferrite which is relatively rigid and inter- 
feres with the tendency of the excess carbide to coalesce; also the 
precipitation is apparently at a more gradual rate and the solu- 
bility of the eutectoid carbon greater so that we have, in the test 
as cooled, carbides more evenly distributed in fine plates which 
resist coalescence to a marked degree. This is what is known as 
a “normal” steel and simply indicates an increased solubility of 
the carbide in the austenite. 

The condition of abnormality need not necessarily be uniform 
throughout a test since it is based upon carbide solubility which 
varies greatly from boundary to center of pearlitic grains and 
from areas (bands) of high segregation of sulphides and oxides to 
areas of low nonmetallic segregation. 

It is the writer’s opinion that in carbon and carbon molybdenum 
steel of low manganese content, that is, under 0.50 per cent man- 
ganese, the addition of aluminum in the range of 8 oz to 36 oz 
per ton will, if the sulphur is above approximately 0.015 per cent, 
result in a distinct tendency for the carbon to segregate away 
from certain grain boundaries where sulphides and perhaps ni- 
trides and oxides have concentrated. 

This results in an increased tendency for banding to occur 
which is another way of saying that there are present in the steel 
localized areas where the carbides are difficulty soluble and tend 
to coalesce. It is the writer’s opinion that this tendency to coa- 
lesce is the first step toward graphitization. 

The tendency for the carbides to coalesce with greater ease in 
the abnormal steel is easy to demonstrate, but the increased 
tendency for the massive coalesced carbides to graphitize is more 
difficult. At times under high magnification the writer has seen 
what looked like graphite particles in the boundaries of badly 
coalesced abnormal steels. Until the work of Austin and Fetzer 
there was little connection between coalescence and graphitiza- 
tion. Most of the studies the writer has made of malleable iron 
indicate that coalescence of the excess carbide was a preliminary 
step because of the distribution and appearance of the graphite. 

Austin and Fetzer indicated that quenching after heating above 
the critical range was an important stimulator of graphitization 
and this may be a factor in the development of the weld-affected 
structures in the Kerr and Eberle paper. There is in all unan- 


nealed welded sections a zone where the steel has been heated 


above the critical range and where the cooling rate due to the 
proximity of unheated steel approaches that of a fast water 
quench. . 

The work done in this paper indicates definitely in the writer’s 
opinion that the carbide coalescence was a preliminary step to- 
ward graphitization. The temperatures used in this investiga- 
tion were lower than that used in the graphitization of white iron 
in making malleable. Perhaps a shorter test might be devised by 
picking out a graphitizing temperature of approximately 1300 F, 
where the relative tendency for coalescence and graphite for- 
mations might be indicated by 100 hr rather than in 4 or 5 years 
at 950 F. The carburizing test with its hypereutectoid carbide 
and its slow cooling through the range of excess-carbon precipita- 
tion and carbide formation seems to be a rather sensitive indicator 


of the tendency to graphitize. It also will indicate that higher 
manganese plus a carbide stabilizer such as a small percentage of 
chromium with an effort toward the lowest sulphur content and 
the minimum of aluminum will insure the very minimum of tend- 
ency to coalesced carbides and, hence, graphitization in a carbon 
or carbon-molybdenum steel. 


H. A. Scuwartz.'4 Since most of the structures in which the 
power-plant engineer is interested are fabricated from pipe, it is 
not surprising to find that the major accent in the present paper is 
on rolled or forged steels. 

Lacking a sufficient background in that direction, it will be 
well for the writer to confine his discussion of the paper to steel 
castings. This field seems to have been dismissed rather lightly 
in the original paper and one forms the conclusion that steel cast- 
ings, generally speaking, behave better than pipe, and that the 
authors were not so well satisfied with predictions made as to the 
behavior of the castings as with predictions made as to the be- 
havior of pipe.’ 

Any tendency to limit the steel foundryman in his use of alumi- 
num is a matter for most serious consideration. The use of this 
element for deoxidizing cast steel, especially acid-electric cast 
steel, which is commonly used for castings of this type, is well nigh 
universal. Following the work of Sims and his associates, Lilli- 
quist and Dahle, it has been the practice of steel foundrymen to 
avoid the use of small or moderate amounts of aluminum and to 
work with additions of the general magnitude of 2 lb of aluminum 
per ton of steel castings. The amount of metallic aluminum left 
in the steel is widely variable but the intent is to use an addition 
which will result in a residual metallic aluminum exceeding 0.01 
per cent. If it were practicable to use exactly the amount of 
aluminum which would combine with the oxygen present, the 
result would be a steel of low ductility and impact resistance, and 
if still less aluminum were used, difficulties due to lack of sound- 
ness of casting would be encountered. While it is not impossible 
to make completely deoxidized steels using silicon only for this 
pupose, the processes involved are not so desirable from the 
foundry viewpoint as those contemplating the addition of alumi- 
num. 

It seems well, therefore, to give passing consideration at least 
to the question of why cast steels do not behave like wrought steels 
with respect to the property now being studied. To begin with, 
it is apparent that not much emphasis has so far been placed on 
the difference in silicon content between the two materials. The 
authors do indeed record the silicon content of wrought steels 
as being something below 0.20 in general. They also record a 
silicon content of 0.43 for a cast steel, but do not comment on this 
difference, which in the present tentative state of our knowledge 
may be important. For example, might it be that it is desirable 
to have silicon present? 

With respect to the use of aluminum in the two products, it is 
to be remembered that the difficulties arising in castings contain- 
ing a little aluminum are due-to the form of sonims retained in the 
steel. This is a matter of no consequence whatever if the steel is 
finally to be rolled, since the sonims are then reformed by hot 
work and no longer exist in the stringy form which causes them 
to damage a casting which has to be used in the form in which it 
was made. It is also true that manufacturers of pipe might find 
such an alloy as the chromium content, spoken of by the authors, 
objectionable in fabrication, whereas the steel foundryman is not 
confronted with that difficulty and very frequently makes ma- 
terial of that type. 

Pretty much all of the aluminum-killed cast steel which the 
writer has ever examined contains amounts of aluminum which 


14 Manager of Research, National Malleable and Steel Castings 
Company, Cleveland, Ohio. 
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the present authors would unqualifiedly condemn. They are al- 
most always characterized by a grain size of about 6 to 8 A.S.T.M. 
and they are preponderantly abnormal. Quite extended study 
has indicated that although the grain size is significantly corre- 
lated with the residual aluminum content, the rate of change of 
grain size with aluminum concentration is so small that no reasona- 
ble change in aluminum content would produce an important 
change in grain size. In the field of steel castings, therefore, it 
seems impossible,to generalize to the effect that high aluminum, 
small grain size, and abnormality are all so intimately connected 
that their effects cannot be separated. 

Most regrettably the writer has not had access to any extended 
series of samples removed from high-temperature service, repre- 
senting steel castings. Surveys of graphitization under service 
conditions in castings made by the company with which the writer 
is associated are known to have been made. Inquiry from those 
informed as to the results have elicited only the statement that 
no difficulties were encountered. Having no supporting data or 
permission to quote verbatim, this statement is made from hear- 
say but is believed to be true. If reliable, it seems to offer sup- 
port for the belief that aluminum-killed cast steel is per se not. 
objectionable. Perhaps the absence of that element should be 
regarded as sufficient, but not necessary, to prevent trouble. 


J. W. Botron.'® This and other papers on graphitization in 
low-carbon wrought and cast steels show clearly that the problem 
or problems are beset with many variables and that much yet 
remains to be done before all variables are understood and con- 
trolled and the over-all mechanics clearly revealed. 

Research by the writer’s company has been confined largely to 
cast steels. Work completed to date deals mainly with WC-1 
(carbon-moly) both ‘‘aluminum deoxidized” and “silicon deoxi- 
dized”’ and WC-4, ‘‘aluminum deoxidized.”’ A large variety of 
structures has been obtained under controlled conditions and ex- 
amined for periods up to 6000 hr for ‘‘aluminum-deoxidized”’ and 
400 hr for “‘silicon-deoxidized”’ samples. A graphitizing tempera- 
ture of 1100 F has been used for most of the comparative tests 
(1000 F was found slow; at 1200 F and above graphitizing tend- 
encies were suppressed). 

In case of “aluminum-killed” carbon moly, WC-1, all struc- 
tures were readily graphitized, although in point of time some 
were more susceptible than others. Up to 4000 hr (and in view 
of the authors’ studies, presumably beyond) graphitzation has 
not been produced in the “‘silicon-killed’’ carbon-moly, WC-1. 
So far this work confirms that of the authors. Unless methods be 
in question, and they are not, there is not much point to confirma- 
tory discussion. Our discussion is justified on basis of disagree- 
ment with basis for the authors’ conclusion 14. They took a 
silicon-killed steel, which would not have graphitized anyhow 
(on basis of their and others’ results), added chromium to same, 
and on basis of this not graphitizing, recommend specification of 
silicon-killed chrome-bearing carbon moly for high-temperature 
steam-plant usage. The adequacy of this recommendation as 
applied to cast product is questioned. 

We have been unable to graphitize the “aluminum-killed” 
WC-4 alloy in any of various structural conditions in tests last 
checked at 6000 hr. This steel is fundamentally different in be- 
havior from ‘“aluminum-killed” carbon moly, WC-1. Since the 
latter graphitized ultimately in all structural conditions, stability 
(or more accurately, persistence) or lack of it apparently is an 
inherent characteristic. 

The benefits of “aluminum deoxidation” in the attainment of 
sound castings is firmly established in the industry. “Silicon de- 
oxidation” in acid-electric furnace practice is inadequate, as has 


16 Director of Metallurgical Research and Testing, The Lunken- 
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been shown again by the M.S.S. co-operators having to “give 
up” on making sound “silicon-deoxidized”’ test plates in their cur- 
rent investigation. 

It is not argued that WC-4 is the only low-alloy steel that may 
be devised to have high graphitization resistance in the “alumi- 
num-deoxidized”’ state. However, it is the only one so far dem- 
onstrated to possess high resistance. Its good weldability is 
known, its tensile properties are good, its creep properties excel- 
lent, its foundry characteristics are favorable, it is covered in an 
existing specification (A.S.T.M. A-217), and is recognized by regu- 
latory bodies. 

We feel that the authors’ conclusion 14, a recommendation 
which rules out all “aluminum-deoxidized”’ steels, may, in case 
of cast steels, be “jumping from the frying pan into the fire.” 


F. B. Foury.'® This paper presents convincing evidence of a 
relationship between McQuaid-Ehn abnormality and graphitiza- 
tion of the cementite in carbon and carbon-molybdenum steels 
below their transformation temperature; which is to say, in the 
range of temperature where, for practical purposes, the stable 
phases have been taken to be ferrite and cementite. Steels hav- 
ing a normal structure in the MeQuaid-Ehn test apparently do 
not grapihtize under similar conditions of exposure. An impor- 
tant difference in the compositions of the two types of steels ap- 
pears to be that the normal type has an aluminum content of the 
order of 0.002 per cent whereas the abnormal steels contain from 
10 to 30 times as much aluminum. This aluminum is presumably 
in solid solution in the ferrite. It is the graphitization of the 
carbide, however, which is of concern, and the composition of the 
carbide in the normal steel and in the abnormal steel is the same. 
It is known that the amount of aluminum used in deoxidizing 
molten steel determines the normality of the final product under 
the McQuaid-Ehn test. Thus it appears that aluminum which 
dissolves in the ferrite of the steel affects the normality of its 
microstructure which in turn is indicative of the stability of the 
carbide with which the aluminum does not chemically combine. 
This is not new. The whole art of graphitizing to produce mal- 
leable iron depends upon the silicon content of the iron, more 
than upon anything else for successful graphitization; and silicon, 
like aluminum, dissolves in the ferrite and does not combine with 
the carbon. Nickel is another element, soluble in ferrite, which 
promotes graphitization of the carbide with which it does not 
combine chemically. Carbide-forming elements, on the contrary, 
prevent graphitization. 

When aluminum is added to molten steel it does two things 
it forms alumina by combining with oxygen and when the availa- 
ble oxygen is exhausted, it dissolves in the steel. It appears to 
be the dissolved aluminum that causes graphitization. Obvi- 
ously an amount of aluminum markedly in excess of that required 
to deoxidize the metal is necessary to produte this undesirable 
effect. 

Not so many years ago there were steel melters who boasted 
that they “made their steel in the furnace, not in the ladle.” 
They depended upon manganese and silicon for deoxidation and 
contended that additions of aluminum in the ladle or in the 
molds were made to cover up bad melting practice. During 
recent years the proper use of aluminum in deoxidation has come 
to be recognized and has resulted in precise control of the structure 
and response to heat-treatment of steel for certain purposes not 
previously attempted. The mechanism whereby aluminum addi- 
tions produce these effects is still not clear. 

Some of us, in plants which inherit a tradition of “making our 
steel in the furnace,” have not acquired an aluminum habit, and 
the silicon-killed product melted in acid furnaces has fortunately 
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been found so far not to be prone to the condition of carbide in- 
stability when subjected to the same conditions of temperature 
which have caused graphitization in the aluminum-killed steels. 

The cure for this condition of carbide instability is not to be 
found necessarily in arbitrarily preventing the use of aluminum in 
deoxidizing steels destined for service at the temperatures pre- 
vailing in steam power plants nor for that matter in dictating the 
amount the steel maker uses. Steelmakers have shown their 
ability to control within narrow limits the characteristics of steel 
affected by aluminum deoxidation and undoubtedly can control 
this new variable when factors involved are still more clearly de- 
veloped. 

It is possible that fluctuations in temperature of the metal in 
service may have an effect in the stability of the carbides and the 
rate of decomposition. Fig. 80 of this discussion represents a 
portion of the iron-carbon equilibrium diagram showing the 
solubility of carbon in alpha iron in the temperature range in 
which the graphitization under discussion takes place. This 
diagram shows that 0.006 per cent of C is in solution in ferrite at 
room temperature but that the solubility of carbon in ferrite in- 
creases with increase in temperature until at 1333 F, it is 0.04 per 
cent. It follows that the carbon in ferrite in pipe operating at a 
temperature of 900 F increases if the operating temperature rises 
to, say, 1100 F. This means that a small amount of carbide de- 
composes when the temperature rises and its carbon, amounting 
to 0.005 per cent in the case cited, passes in to solution in the fer- 
rite. When the temperature of the metal again returns to 900 F, 
elemental carbon, amounting to 0.005 per cent is precipitated. 
Whether this elemental carbon quickly combines to form carbide 
again may depend upon the composition of the ferrite with re- 
spect, let. us say, to its content of Al or Si or both, since both ele- 
ments stabilize the elemental rather than the combined (car- 
bide) form of carbon. 

If the carbon remains in the elemental form, a repetition of the 
cycle, in a ferrite favoring the elemental form of carbon, will in- 
volve the decomposition of more carbide, with the solution and 
precipitation of more elemental carbon. This is a slow process 
involving very small amounts of carbon in each cycle of tempera- 
ture change but, in the long period of time involved in the changes 
found in these installations, the amount of elemental carbon pre- 
cipitated would ultimately attain the microscopical sizes found to 
be present. 


W. R. Farnsworrn.” During the past year or so it has been 
the writer’s privilege to work with Mr. Kerr in an endeavor to 
produce a steel that would not graphitize as rapidly as some of the 
steels made in the past. The present paper, after many thorough 
tests, brings out the point that coarse-grain normal steels made 
with a minimum amount of aluminum are more difficult to graphi- 
tize than either abnormal steels or fine-grain steels. 

During the past year we have produced both plain-carbon- 
molybdenum steels as well as the new specification of carbon- 
chromium-molybdenum steels with a normal coarse grain that 
have apparently been satisfactory. 

In making steels of this type, careful consideration should be 
given to the selection of the scrap used in the heat as well as the 
hot metal, and our experience has been that these heats can be 
made to the best advantage by using approximately 60 per cent 
heavy scrap and 40 per cent hot metal. The average carbon at 
melt-down is 0.95, and the heat is worked down to tap carbon by 
the judicious use of feed ore which amounts to approximately 
17 lb per ton. 

When the heat has reached the proper tapping carbon, and the 
slag is in shape, the manganese in the form of silico-manganese is 
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generally added in the furnace, and ferro-silicon plus about 0.4 
Ib of aluminum per ton are added in the ladle, with sufficient time 
held for teaming temperature. The steel is then teamed into 
molds about 20 in. diam to a height sufficient to produce an ingot 
weighing approximately 4700 lb. During the teaming, no mold 
additions whatsoever are made. 

A general log of the heat would read as follows: 


8.5 per cent 
Manganese used................. 9 Ib per ton 
0.40 lb per ton 
Residual manganese.............. 0.30 


To make steels of this type from the brief description given 
seems apparently simple, but as mentioned previously, the scrap 
must be selected with due regard to its analysis, the scrap must 
be fairly heavy, and the hot metal used must be within standard 
limits. At all times it must be kept in mind that this steel is 
intended for a special purpose, and the condition of the slag, tak- 
ing into consideration viscosity and temperature, must be of the 
correct nature. 

Another factor of prime importance is the timing of the de- 
oxidizers used, and allowance must be made for these when tap- 
ping the heat. 
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The paper, as well as papers by many other authors on the sub- 
ject of graphitization, stresses the fact that steels containing 
metallic aluminum and alumina graphitize more readily than steels 
with very small amounts of aluminum and alumina. To reduce 
the amounts of this element some authors have suggested that no 
aluminum be used in deoxidation, and it is on this point that 
we take issue. It has been known for years that the judicious use 
of aluminum is a very important tool of the steelmaker and, in 
many cases, cannot be omitted in their steel practice. 

During the past 3 or 4 months we have been making many 
tests on steel, and we have obtained the analysis on the metal 
bath after melt-down and just previous to tap, and we have found 
that today the dissolved aluminum and the alumina in the metal 
are almost twice that obtained 5 or 6 years ago. This, we be- 
lieve, is due to the fact that so many of the present-day steels are 
made to a fine-grain steel specification and, as is well known, fine 
grain is obtained only by the use of aluminum. 

All chemists are aware of the fact that dissolved aluminum 
and alumina are difficult to analyze with absolute accuracy but 
comparative tests do prove the statement made that the residual 
aluminum and alumina today are considerably more than that of 
the steel made a few years ago. In our opinion, this subject will Fig. 81 Picrar; X 1000 
be of considerable research during the next few years. 


AuTHORS’ CLOSURE 


Mr. Weisberg has presented the case of a MeQuaid-Ehn normal 
carbon-molybdenum-steel forging which had shown a slight 
amount of graphite in the weld-heat-affected zone after 45,972 
service hr at an average temperature of 936 F, of which 2500 hr 
were over 950 F. This example is interesting not only because 
this is the first time that graphite was found in a McQuaid-Ehn 
normal steel, but more so because it serves to illustrate the fact 
that the steels with which we are concerned are all fundamentally 
unstable in the temperature range of 850 to 1000 F. Differences 
in their behavior with respect to graphitization are, we believe, 
due to differences in their reaction rates. The high-aluminum- 
deoxidized steels are faster reacting than the equivalent straight 
silicon-killed steels as is illustrated by the microstructures shown 
in Figs. 81, 82, and 83 of this closure, representing three types of 
carbon-molybdenum steels of almost identical analyses which had 
been together isothermally transformed at 600 F. Fig. 81 depicts 
the structure of a high-aluminum-deoxidized steel consisting of 
what may be called Widmanstatten troostite with a noticeable 
amount of proeutectoid ferrite, Fig. 82, the corresponding struc- Fic. 82. Prerau; 1000 
ture of a straight silicon-killed steel consisting of Bainite, and 
Fig. 83, a low-aluminum-deoxidized steel (0.5 lb Al/ton) contain- = ap 
ing 0.6 per cent chromium, which displays a still more pronounced ad ot . Sora 
Bainite structure. The behavior of the carbide in the McQuaid- : Ay 
Ehn test indicates to a certain extent the relative general reac- 
tion rate of like steels, but we do not claim that it expresses all the 
factors and their relative potency which influence the reaction 
rate with respect to graphitization. McQuaid-Ehn abnormality 
and susceptibility to graphitization is favored by high-carbon 
diffusivity, by the effect of the aluminum in the deoxidation of 
the steel—be it nucleation by suitably dispersed particles of 
aluminum oxide or nitride or the removal from the iron lattice of 
oxides or other compounds of certain elements—and by an oxidiz- 
ing environment. Susceptibility to graphitization is also favored 
by the presence of stress, by cold deformation, and by the rapid 
transformation of high-carbon austenite as in the contact zone 
between weld-affected and weld-unaffected metal. At the pres- 
ent time the relative potency of these influences is not known. 
In the case of the example described by Mr. Weisberg, the balance 
of the various factors acting for and against abnormality and sus- 
ceptibility to graphitization was such as to produce the described 
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slight graphitization. Perhaps some segregation phenomena 
may also have been involved. 

Mr. Weisberg is correct in suspecting that heat-treatment may 
also affect the graphitization behavior of a given steel. We have 
carried out a number of experiments which, though they are still 
being continued, already show clearly that susceptibility to 
graphitization may be greatly influenced by various thermal 
treatments. The material employed for these tests consisted of a 
section of one of the pipes at Springdale which, however, had 
never been in service. The individual specimens were heat- 
treated with no welding involved and were subsequently placed 
into an oxygen-free lead bath at 1000 F. After only 1500 hr 
we could already observe the following trends: 

1 Air-cooling from 2200 F imparted to the steel maximum 
resistance to graphitization. A 50 per cent cold deformation after 
this heat-treatment also failed to induce the formation of graphite, 
Fig. 84. 

2 Air-cooling from 1650 F also rendered the steel resistant 
under the given conditions, but when cold reduced 50 per cent 
subsequent to the normalizing at 1650 F, the steel began to 
graphitize slightly. 

3 Slow furnace cooling from 1650 F failed to induce graphiti- 
zation, but when followed by a 50 per cent cold reduction, a 
noticeable amount of graphite was formed, Fig. 85. 

4 Slow furnace cooling from 2200 F rendered the steel sensi- 
tive to graphitization and resulted in a substantial number of 
large graphite nodules, Figs. 86 and 87. When followed by a 
50 per cent cold deformation, slow furnace cooling from 2200 F 
resulted in increased nucleation and rate of growth, Figs. 88 
and 89. 

5 Reheating to 1400 F followed by very slow furnace cooling 
brought about slight graphitization in steel air- or furnace-cooled 
from 1650 F and 2200 F, respectively, which otherwise did not 
graphitize. However, straight furnace cooling from 2200 F 
produced more and much larger graphite nodules. 

6 Reheating to 1400 F followed by water-quenching pro- 
moted graphite nucleation more than any other treatment, except 
when followed by cold-working. 

7 Cold deformation promoted nucleation and rate of growth 
of the nuclei in practically all conditions of heat-treatment. In 
the case of the specimen which had been slow furnace cooled from 
2200 F, then reheated to 1400 F followed by very slow furnace 
cooling and subsequently cold reduced 50 per cent, a substantial 
amount of grain-boundary chain graphite was formed, Fig. 90. 
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8 The same steel when repeatedly arc-welded in form of a cir- 
cumferential weld on a 1-in. round bar with water-cooled core, 
the steel being in the 1700 F normalized condition, produced be- 
ginning chain-graphite formation in the weld-heat-affected zone 
in 1500 hr as shown in Fig. 91. 

These examples will suffice to show that susceptibility to 
graphitization is affected not only by the steelmaking practice, 
but also by many subsequent influences. By omitting or mini- 
mizing the aluminum addition in the deoxidation practice and 
by slowing down the reaction rate of the steel through such 
measures as increasing its manganese content and adding suitable 
amounts of stabilizing elements such as chromium and finally by 
proper heat-treatment prior to installation, we should be able to 
obtain steels which will be resistant to graphitization under the 
conditions of high-temperature steam-plant operation. 

Mr. McQuaid’s discussion of the effect of aluminum in the de- 
oxidation practice upon certain inherent characteristics of steel 
deserves particular attention because of his wide experience in 
this field. He considers the strong coalescing tendency of the 
carbide in the high-aluminum-deoxidized steels as the first step 


Fig. 90 Prerau; X 1000 


Fic. 91 Picrau; 1000 
toward graphitization. This tendency of the carbide to coalesce 
is explained to be the result of localized concentrations of sul- 
phides and perhaps also of nitrides and oxides in steel containing 
less than 0.50 per cent mangartese and above approximately 0.015 
per cent sulphur when the aluminum addition in the deoxidation 
practice is b8tween 0.5 and 2.5 lb per ton. The carbon is said to 
segregate away from localized zones of high nonmetallic concen- 
tration. Thus graphitization seems to be tied up with the non- 
metallic impurities in the steel and with the effect of the aluminum 
addition upon their dispersion and distribution. This suggestion 
deserves serious consideration. We have frequently noted loca!- 
ized graphitization in the vicinity of inclusion segregations and 
some such observations have been reported in our paper. Mr. 
McQuaid’s recommendation to raise the manganese content of 
the steel and lower its sulphur content while minimizing the 
aluminum in the deoxidation practice, in addition to introducing 
a small amount of chromium, merits practical study. 

Dr. Schwartz, like Mr. Bolton, has confined his discussion to 
steel castings. We cannot agree with him when he says that this 
field has been dismissed rather lightly in our paper. As a matter 
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of fact, we have pointed out that castings follow the same general 
rule which had been described for the wrought materials, i.e., 
castings made without aluminum were found resistant and those 
with the customary addition of aluminum in the deoxidation prac- 
tice were found to be sensitive to graphitization. It is true that 
we have observed a slight tendency in castings to be somewhat 
more resistant than the wrought steels. We ascribe this tendency 
to the seemingly greater variations in the degree of residual oxi- 
dation of the melt prior to the aluminum addition in some cases 
and to the generally higher content of manganese plus silicon in 
castings. The graphitization-retarding effect of an increase in the 
manganese and silicon content has also been observed by us in 
certain wrought steels, but we do not believe that sufficient re- 
sistance to graphitization can be imparted to an aluminum- 
deoxidized steel by simply raising the manganese and silicon 
content within the permissible limits. Dr. Schwartz himself 
indicates a possible solution in cases where the addition of alu- 
minuminthedeoxidation practicecannot beomitted foreconomical 
or technical reasons, namely, alloying the steel with a sufficient 
amount of a suitable element, as for instance chromium, which 
would overcome the graphitization-promoting effect of the alu- 
minum addition. But, it will then be the problem of the sponsors 
of such alloy steels to prove their practicability and resistance to 
graphitization. 

With regard to Mr. Bolton’s discussion, we wish to point out 
that we were concerned with carbon and carbon-molybdenum 
steels only and not with alloy steels. Mr. Bolton’s own tests have 
shown that the aluminum-deoxidized carbon and carbon-molyb- 
denum steels graphitize, while the straight silicon-killed steels 
do not. We have favored the latter knowing that these steels 
are practical in the forged condition and in castings made with 
dry sand molds. The addition of 0.5 per cent chromium was rec- 
ommended by us as an extra safeguard. Such steels have been 
made and are in use. 

Mr. Bolton is discussing the problem with respect to castings 
made with green sand molds where the use of aluminum in the 
deoxidation practice is said to be imperative. We do not doubt 
that alloy castings can be made employing aluminum in the de- 
oxidation practice which will not graphitize. But while we 
agree that the necessity for McQuaid-Ehn normality may not 
exist for the type of alloy steels referred to by Mr. Bolton, we 
believe that the resistance to graphitization of such steels, par- 


ticularly with respect to variations in the deoxidation practice, 
should be established beyond any doubt before they can be ac- 
cepted in the absence of a test which proves their reliability. 

Mr. Foley’s suggestion that it is themetallicaluminum dissolved 
in the ferrite which causes graphitization, finds support in the 
fact that, in general, susceptibility to graphitization seems to in- 
crease with increasing residual metallic aluminum. This explana- 
tion may be accepted as a fundamental statement. However, 
there are undoubtedly still other factors entering the picture as is 
shown by the fact that we have encountered steels of almost 
identical analysis, including residual metallic aluminum, some of 
which graphitized and some of which did not. For instance, in a 
certain case a carbon-molybdenum steel containing 0.012 per 
cent metallic aluminum failed to graphitize, while another quite 
similar steel with 0.010 per cent metallic aluminum produced 
graphite. 

Fluctuations in temperature of the metal in service undoubt- 
edly accelerate the rate of graphitization. Mr. Foley describes 
this effect quite clearly. Thus the frequently observed presence 
of very fine and of very coarse coalesced carbide particles in the 
vicinity of graphite nodules can be explained by the fact that with 
rising temperature the smaller carbide particles dissolve more 
readily than the coarser particles, while with falling temperature 
part of the carbon in solution in the ferrite is precipitated as 
graphite on existing graphite nodules, and another part as carbide 
on existing carbide particles. The growth of the graphite nodules 
and coalescence of the carbide frequently seems to go hand in 
hand. 

We are pleased to hear from Mr. Foley that the steelmaker is 
able to control within narrow limits the characteristics of steel 
affected by aluminum deoxidation. In conjunction with addi- 
tional protective measures, as for instance by the alloying of the 
steel with a suitable amount of chromium or similarly acting ele- 
ments, we shall undoubtedly obtain steels which will resist graphi- 
tization under the conditions of present-day high-temperature 
steam-plant operation. 

We feel indebted to Mr. Farnsworth for his discussion of the 
graphitization problem from the standpoint of the steelmaker. 
His words should dispel any existing doubts that the type of steel 
which we have suggested for high-temperature service is practi- 
cally and economically feasible. 
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Progress Report on Graphitization 
of Steam Lines 


By S. L. HOYT! ann R. D. WILLIAMS,? COLUMBUS, OHIO 


Beginning with the discovery of segregated graphite 
alongside a welded joint in a carbon-molybdenum steel 
steam line of the Springdale Station of the West Penn 
Power Company in January, 1943, power stations generally 
were quick to take samples from their own lines to deter- 
mine if the condition existed. These individual studies 
have been invaluable in establishing a basic understanding 
of the problem and have been of assistance in subsequent 
research work. The present paper reports certain aspects 
of the investigations undertaken, the objectives being to 
determine fundamental causes of graphitization, to 
establish the means of “‘curing’’ graphitized joints in 
present lines or to prevent further graphitization, and to 
determine for new pipe, which steels could best resist 
graphitization. The progress in this situation made to 
date is outlined, including the renovation of lines in which 
graphite is forming, and the composition and deoxidation 
practice of steel and its best treatment for the fabrication 
and erection of new lines. Welding is given particular 
attention in the study, since it is the welding operation 
which sets up the highly localized conditions that concen- 
trate or segregate the graphite along a narrow band. 


HE finding of segregated graphite alongside a welded joint 

in a carbon-molybdenum steel steam line of the Springdale 

Station of the West Penn Power Company in January, 
1943, (1)3 was as surprising as it was disturbing. While graphiti- 
zation of high-carbon tool steels or medium-carbon high-silicon 
steels has long been recognized, is avoided in tool steels and 
sought in graphitic steels, only one case of graphitization in low- 
carbon low-silicon steel had been recorded. This case, de- 
scribed by Kinzel and Moore (2), occurred in an oil-cracking 
tube operated at a higher temperature than that of the Spring- 
dale line. The graphitization at Springdale was the first oc- 
currence of the kind ever reported in metallurgical history. 
Furthermore, this pronounced segregation occurred under con- 
ditions where any metallurgist would have said it would be very 
difficult, if not impossible, to accomplish. 

Following the discovery of graphitization at Springdale, the 
power stations were quick to take samples from their own lines 
to determine what their situation might be. For this, weld- 
prober samples were. removed at and adjacent to the welded 
joints and examined for graphite and tested for ductility. With 
data on materials, welding conditions, and service history, this 
work has contributed substantially to the basic understanding 
of the problem and has been of great assistance to the research 
work which is being done. 


' Technical Adviser, Battelle Memorial Institute. 

2 W elding Engineer, Battelle Memorial Institute. 

’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Due to the zeal of the power industry itself and of its suppliers, 
numerous other investigations were started, primarily to deter- 
mine the steps necessary for repairing joints which had already 
graphitized. To date these auxiliary studies have produced a 
large amount of information on graphitization of both carbon- 
molybdenum and plain-carbon steel piping, particularly on re- 
medial measures and on the conditions which produce graphite, 
but there is still some doubt about the best prescription for either 
existing lines or new lines. On the other hand, such a situation 
cannot wait for absolute proof, and steps that seem logical have 
to be taken at once in advance of such proof of their adequacy. 

Subsequently, a Joint Subcommittee on Graphitization was 
set up by the Edison Electric Institute and the Association of 
Edison Illuminating Companies which initiated a research in- 
vestigation at Battelle Memorial Institute for the purpose of 
studying the fundamental causes of graphitization. Further 
objectives were to determine what steps could be taken to ‘‘cure” 
graphitized joints in present lines, or to prevent further graphiti- 
zation, and to determine for new pipe which steels would best 
resist graphitization. The last named objective involves investi- 
gating the effects of both steel composition and melting practice. 
The outlining of the research program was facilitated by the data 
already obtained by the other investigators. This work has been 
in progress for over a year under the supervision of the Joint 
Subcommittee and is discussed in a later section of this progress 
report. 

As a result not only of the Battelle investigation, but particu- 
larly of many of the other investigations, results of which have 
been made available to the Joint Subcommittee as a central 
agency for the correlation of all data on the subject, measures 
have already been adopted for safety of present steam lines and 
security of new ones. 

It is the purpose of this progress report to discuss the situation 
to date, including the renovation of lines in which graphite is 
forming, and the composition and deoxidation practice of steel 
and its heat-treatment for the fabrication and erection of new 
lines. Welding is being given particular attention, since it is 
the welding operation that sets up the highly localized conditions 
that concentrate or segregate the graphite along a narrow band. 

The condition referred to has been well illustrated in a paper 
by R. W. Emerson (7). The graphite appeared as dark streaks 
or “eyebrows” about !/s to */15 in. away from the weld. Closer 
inspection showed that they followed the outer contours of the 
heat bands produced by welding and that they were extremely 
narrow. When fully developed these graphite bands ran across 
the entire cross section of the pipe and, of course, made the pipe 
very brittle at that place. Examination has shown that the 
graphite segregates or concentrates at the place where the stock 
was heated during welding to approximately the Ac; point of the 
steel. In multipass welding these isothermal lines of successive 
passes intersect each other so that, more precisely, the graphite 
streak follows the outer envelope of the Ac; isothermal lines. 

In some instances there may be additional nodules of graphite 
distributed throughout the mass of the steel, as in malleable cast 
iron, but the graphite in the Springdale joints is severely re- 
stricted to narrow zones. While it is this segregated type of 
graphite as a continuous band that produces complete embrittle- 
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ment, earlier stages have also been encountered which show 
graphite nodules in discontinuous rows, like beads on a string. 
This latter type of graphitization reduces thé ductility and is very 
likely progressing toward the “eyebrow” condition. It was this 
latter type that initiated the numerous research investigations 
to discover the causes of graphitization and to provide a remedy 
or a cure. 

The many minds being brought to bear on this problem, 
coupled with the materials from many sources and of various 
service records which have been provided for its study, have all 
helped to establish a proper understanding of its complexities 
and to line up research programs to attack the important points. 
The ‘present report is intended to cover these investigations in 
brief or abstract form. 


EXPLANATION OF GRAPHITIZATION 


It is useful to remember that carbon is not in its stable form in 
steel when it occurs as the iron carbide, ‘‘cementite.”” In spite 
of the apparent stability of this carbide in the common carbon 
steels, in which it is the active strengthening and hardening con- 
stituent, the iron carbide has a definite, though usually slight, 
tendency to change to the stable graphite. A familiar example 
of this is malleable cast iron in which the carbide, with the as- 
sistance of a small amount of silicon, readily forms nodules of 
graphite when the initially ‘‘white’’ iron is annealed. While it is 
well to know this, such knowledge is not particularly helpful in 
explaining the fact of graphitization and embrittlement of steam 
lines. More correctly stated, this knowledge does not help us to 
understand the specific and highly local conditions which are re- 
sponsible, nor does it tell us very precisely how to proceed to 
avoid it. Among the various explanations of graphitization in 
steam lines which have been advanced, the following seem to be 
particularly pertinent: 

Effect of Aluminum Deozidation. It has been shown by Austin 
and co-workers (3) in their work on the formation of graphite 
in carbon tool steel that deoxidation of the steel by aluminum 
has a definite accelerating effect. While aluminum is known to 
act like silicon in promoting graphitization, this case seems to 
be one of nucleation of graphitization by the small particles of 
alumina which are present. Work on the present program 
strongly supports this postulate, and both wrought- and cast- 
steel sections of pipe lines which have seriously graphitized are 
known to have been deoxidized in manufacture with about 2 lb 
of aluminum per ton. On the other hand, there is evidence that 
the rate of graphitization is proportional to the metallic-alumi- 
num content of the steel, rather than Al.O;. 

Fine-Grained Abnormal Versus Coarse-Grained Normal Steel. 
The addition of aluminum to steel (during deoxidation) also af- 
fects some of the finer details of the structure of the carbide con- 
stituent, particularly by tending to spheroidize the carbide and 
to produce an “abnormal”’ structure. This latter tendency is 
brought out in the McQuaid-Ehn test which gives a more and 
more abnormal case structure as the amount of aluminum is in- 
creased. It is held by some that the spheroidal form of carbide 
is more easily graphitized. Bearing in mind that this segregated 
graphite forms at the place where the steel was heated to the Ac; 
temperature, an accelerating effect of aluminum deoxidation is 
not illogical since that is known to promote spheroidization of 
the carbide when steel is heated in this way. 

Effect of Steel Structure. It has been the practice frequently 
to weld hot-upset ends of pipe which were in a grain-coarsened 
condition. The structure thus produced is thought to be more 
susceptible to segregated graphitization than a fine-grained nor- 
malized structure would be, though present evidence is not con- 
clusive on this point. The carbon-molybdenum steel, with 0.5 
per cent.molybdenum, gives the typical “molybdenum struc- 


ture,” also referred to as “‘Widmanst:tten structure,” when air- 
cooled from a high temperature; while, upon slow cooling, it has 
the common ferrite plus pearlite structure. The latter is thought 
to be more stable and less susceptible to graphitization. 

Effect of Graphite Nuclei. An interesting observation on a 
limited number of samples was made by the Lunkenheimer 
Company to the effect that steels which were found to graphitize 
in service showed a small amount of graphite when analyzed in 
the original condition, while steels which showed no graphite on 
chemical analysis did not graphitize in service. Some steels 
which have not as yet graphitized in service but which show 
graphite on chemical analysis may be on the road to graphitiza- 
tion. This suggests that graphite nuclei, like nuclei of alumina, 
may be playing an important role in graphitization. 

Carbon Solubility in Alpha Iron. It is known that carbon is 
slightly soluble in alpha iron and that its solubility varies, at least 
slightly, over the temperature range involved in power-station 
service. While this behavior is but very loosely understood at 
the best, it is possible that the temperature fluctuations in service 
may assist in producing nuclei of the stable graphite phase and 
hence accelerate graphitization. This is not thought to be a 
major factor, since in the tests at Battelle Memorial Institute 
the temperature swings are reduced to a minimum, and yet 
there is no difficulty in producing graphite in steels which are 
otherwise graphitizable. Mr. H. J. Kerr has made a similar ob- 
servation on a creep-test specimen whose temperature was held 
even more closely constant. 

Effect of Stresses. Service lines are under stress and at cer- 
tain sections the stresses are unavoidably contentrated, though 
precautions are taken to keep these stresses at a minimum. The 
question arises as to a possible accelerating effect of these stresses 
on graphitization. Tests run by Public Service Electric & Gas 
Company, Newark, N. J., show more graphite in specimens 
which are heated when under stress. Some of these results will 
be reported later on. It is expected, furthermore, that samples 
obtained from the creep-test program of the Joint High Tem- 
perature A.S.M.E.-A.S.T.M. Committee will throw additional light 
on this effect. Some samples of this type have already been 
examined, and the information to date suggests that the role of 
stress is that of accelerator of graphitization and not a primary 
cause. 

Effect of Molybdenum. There is not much doubt that the 
molybdenum in these steels is a retarder of graphitization or a 
mild stabilizer. In other words, the evidence to date supports 
the practice of operating the carbon-molybdenum steel at some- 
what higher temperature than would be feasible for straight 

‘arbon steels, in so far as freedom from graphitization is con- 
cerned. On the other hand, the effect of molybdenum is only 
partially understood, and most cases of graphitization to date 
have been observed in carbon-molybdenum steels. That is 
doubtless because of the higher operating temperatures made 
feasible by their higher creep strengths. The Research Labora- 
tory of the United States Steel Corporation (6) has advanced the 
thought that molybdenum carbide does not graphitize and that 
the graphite found in steam lines very likely came from iron car- 
bide. Carrying this idea further, they suggest a treatment for 
the welded joint at about 1300 F for several hours, which is in- 
tended to convert the carbon into molybdenum carbide. The 
effect of such heating in service at operating temperatures of 
900 to 950 F is not stated, and it seems possible that the carbon 
in the molybdenum carbide formed at the higher temperature 
would revert to iron carbide at the operating temperature and 
thus ultimately become susceptible to graphitization if the con- 
ditions are otherwise favorable. 

Miscellaneous. Certain other suggestions have been made to 
explain graphitization of welds in steam lines, but have not yet 
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been studied experimentally. These include the effects of cold- 
working produced by machining the searfed edges, flame-cutting, 
oil on the surface, ete. 

Segregated Graphite Versus General Graphitization. The 
points enumerated relate broadly to the graphitization of steel 
rather than specifically to the segregated type of graphitization 
found at Springdale. Some attempt will be made later to account 
for this difference, after more experimental data are available; 
but at present, though the conditions for highly localized graphi- 
tization are fairly well understood and under control, the ultimate 
causes remain obscure. Looked at another way, if we can truly 
stabilize the carbide no graphite will form even at the edge of 
the heat-affected zone, and the same should be accomplished by 
eliminating the steep temperature and structural gradient, 
though without necessarily eliminating general or random graphi- 
tization. 

ConpitTions FouNnD IN PRESENT LINES AND SUGGESTED CURES 

As already stated, many samples have been taken from the 
steam lines of various power stations, particularly from the 
welded joints. These samples are removed by trepanning a cir- 
cular disk to include part of the weld and all of the heat-affected 
zone or with a hemispherical milling cutter (weld prober), which 
gives a boat-shaped sample of the weld and adjacent stock. 
These methods are well known and do not require description. 
They make it possible to examine the edge of the heat band mi- 
croscopically and also provide a sample for bending to determine 
the extent of embrittlement when graphite is found. 

All stages have been found, from no graphite to complete em- 
brittlement, and this has led naturally to proposals for methods of 
repair when that is needed. Of the 37 stations which have re- 
ported, representing approximately all of the high-temperature 
plants, the weld samples gave no evidence of graphite in 21. Ob- 
viously no immediate action is needed, though those stations, 
which are operated at high temperatures and with lines made 
with the high-aluminum or “fine-grained’’ steel should be 
watched closely. In the remaining stations where graphite was 
found the situation was as follows: In 11 stations impairment of 
ductility was found to have set in, and the structures indicated 
that a start was being made toward the segregated graphite condi- 
tion. In 5 stations embrittlement of an advanced stage was 
found, and segregated graphite extended practically across the 
pipe section. 

The treatment of a line which already shows graphite will de- 
pend upon the condition found. If graphitization has proceeded 
only to an intermediate state, it should be possible to redissolve 
the graphite and restore the joint by heating to about 1700 F for 
2hr. This would amount to a normalizing treatment somewhat 
as described by Detroit Edison (4). While this appears to be 
entirely feasible from the standpoint of restoring a partially 
graphitized joint, the technique is something which the power 
stations would have to work out. It is also likely, though not yet 
fully confirmed, that this treatment will establish a stable struc- 
ture for resisting graphitization. It certainly will completely 
eliminate the original isothermal contours which are known to 
localize graphitization. At the same time, normalizing will set 
up another temperature gradient of the same type but much 
broader. Present indications are that localized graphitization 
at the Ac, zone would not necessarily follow. 

In cases of severe segregated graphite it has been necessary to 
cut out the old joint and reweld. While normalizing would re- 
dissolve this graphite, one could by no means be sure that the 
strength and ductility were restored. In other words, a scar 
would remain which would be just about as bad as the original 
condition. A favorable postwelding treatment might be either 
normalizing, as was just mentioned, or stress-relieving at 1300 F 


or above. Both treatments will at least postpone further graphi- 
tization, and normalizing might eliminate it for all practical 
purposes, but both have drawbacks. Normalizing is difficult 
to carry out in some locations, especially for joints adjacent to 
‘ast valves which might warp seriously, while the utility of the 
high stress relief (standard stress relief temperature is 1200 F) 
remains to be demonstrated conclusively. Present evidence is 
that while it probably retards graphitization, it does not prevent 
it. This point will be discussed in some detail later. From the 
structural evidence of a graphitized weld zone, stress-relieving 
above Ac; should prevent the formation of segregated graphite. 
PREVENTIVE MEASURES FOR NEW LINES 

Advantage has been taken of accumulated experience to set up 
what might be considered as the best practice to date for new 
lines. Carrying out the idea that aluminum deoxidation defi- 
nitely promotes graphitization, it has been proposed to limit the 
aluminum addition to !/2 Ib per ton. A close equivalent of this 
is the requirement that the steel must have a McQuaid-Ehn 
grain size of 1 to 5 with complete normality. Mr. Kerr reports 
that this measure has been adopted by Babcock and Wilcox for 
the procurement of various materials for high-temperature 
steam lines. This practice has much to support it but there are 
certain drawbacks for both cast and wrought products. In the 
former, at least 2 lb of aluminum per ton is used for certain types 
of steel to produce the necessary soundness. In the latter, alu- 
minum deoxidation helps to secure a good surface on the inside of 
pierced billets, though work which is already under way suggests 
that reasonably good practice is possible with a limit of !/2 lb of 
aluminum per ton. 

It has been customary in the past to save the expense, etc., of 
normalizing after hot-upsetting, bending, ete., which is used 
during the installation of a steam line. The coarse-grained 
structure which is produced, plus possibly air-cooling, has been 
suspected of favoring graphitization. This has not been fully 
confirmed to date, and more work is needed before it can be 
stated that normalizing is worth the additional cost, particularly 
if other measures are found to be sufficient. 

Welded joints of new lines might also be normalized, and the 
discussion here would be the same as that given under the repair 
of present lines. 

Another recommendation that is being seriously considered is 
the addition of chromium to stabilize the carbide. The mini- 
mum amount of chromium which would be needed has not yet 
been established, but steels with 0.25 to 11/2 per cent chromium 
are being investigated. It has been suggested that about 1 per 
cent will be needed to combine with all of the carbon in wrought 
steels which contain about 0.15 to 0.20 per cent carbon. Cast 
steel with higher carbon might require a higher addition. Ac- 
cording to the work of Crafts and Offenhauer (5), the carbide 
(FeCr);C; should form in such a steel. On the assumption that 
this carbide will contain about 50 per cent iron, the chromium-to- 
carbon ratio should then be 5 to 1, and about 1 per cent chro- 
mium would be needed. On the other hand, much smaller 
amounts of chromium are known to interfere in the manufacture 
of maileable cast iron, and it is thought that it may be possible 
to secure the desired effect with approximately 0.5 per cent 
chromium. 


EXPERIMENTAL WorK 


It has been mentioned that samples have been removed from 
welded joints of high-temperature steam lines. The principal 
object of the examination of these samples was to ascertain the 
condition of the line. By correlating such findings with manu- 
facturing, fabricating, and operating data, it has been possible 
to acquire considerable information on the conditions which 
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affect or control graphitization. Information from this source 
is doubtless the best to date on this problem. But the variables 
which are included in any one sample or single series of samples 
are controlled more by chance than by design. Even a close 
analysis leaves one in doubt as to which of the several factors has 
been responsible for either graphitization or the lack of it. To 
set matters in order it was deemed wise to use the experimental 
technique with which some variables could be eliminated and the 
others controlled in such a way that only one would vary in a 
given series. 

At present there are numerous programs being prosecuted at 
various laboratories. This work will be discussed here under two 
headings, the Battelle program being conducted under the aus- 
pices of the Edison Electric Institute and the Association of 
Edison Illuminating Companies, and the work which is being 
done at industrial and university laboratories. The former is 
of a more fundamental nature and is reasonably comprehensive. 
The latter is devoted to more specific and immediate objectives 
which are best calculated to develop immediately useful informa- 
tion. 

It may also be mentioned that this work touches the fields of 
specifications for both wrought and cast steel for use in steam 
lines, foundry and steel-making practice, high-temperature 
properties on which design and good practice are based, and weld- 
ing practice. On this account, various other agencies have be- 
come actively interested in the graphitization problem and in 
the information developed by the research programs. 


Work at UNIVERSITY AND INDUSTRIAL LABORATORIES 

For convenience, this topic will be subdivided according to the 
specific factors which are presumed to affect graphitization 
rather than the institutions from which the results were ob- 
tained. 

Deoxidation Practice. Carbon-molybdenum pipe made prior to 
1939 to A.S.T.M. Specifications A-158 and A-206-37T and 38T 
was of the high-aluminum variety, i.e., had 1.5 lb or more of 
aluminum added per ton, after deoxidizing with silicon. Pipe 
made to A.S.T.M. Specification A-206 since 1939 has been of the 
low-aluminum variety, i.e., has approximately 0.5 lb of alumi- 
num added per ton after deoxidizing with silicon. The grain size 
requirement which has been in effect since 1939 practically limits 
deoxidation by aluminum to this amount, the main deoxidation 
being accomplished with silicon. The low-aluminum type is held 
to be more resistant to graphitization, but it has also been in 
service for shorter times, so the records are not complete on that 
point. 

Seamless carbon-steel pipe is manufactured according to 
A.S.T.M. Specification A-106. As this specification does not in- 
clude a grain-size requirement, the amount of aluminum used 
for deoxidation varies over a considerable range even for the 
Grade B, silicon-killed pipe. The recent trend has been to de- 
crease the amount of aluminum added in order to obtain a 
coarser grained steel in line with the coarser grained C-Mo steels 
now used, 

These shifts to coarse-grained material were made on the basis 
of accumulated data indicating that for service at the higher tem- 
peratures which were rapidly becoming called for by designers, 
improved creep resistance accompanied coarse grain. 

To date the segregated and embrittling type of graphitization 
has been found only in the fine-grained aluminum-deoxidized 
steel, though small amounts of the random type of graphitiza- 
tion have been found in the coarse-grained steel. At least two 
laboratories have attempted to distinguish between the presence 
of alumina particles and the amount of metallic aluminum. 
These reports agree that graphitization varies with the amount 
of aluminum rather than of alumina. 


Microstructures. Evidence on the effect of microstructure on 
graphitization is not at all clear though the preponderance of 
evidence seems to be that the weld heat-affected zone in the 
“molybdenum” structure, which comes from air-cooling from 
high temperatures, is more susceptible than in the pearlitic struc- 
ture. Observations made at the University of Michigan may be 
critically important here. Though two steels may differ in 
initial microstructure, if they have the same structure in the 
heat-affected zone after welding, they graphitize at the same rate. 
In other words, it seems to be the structure in the heat-affected 
zone that is significant, and this may go a long way toward ex- 
plaining discrepancies. 

It has been reported that graphitization starts at spheroidal 
carbide particles. This correlates with the effect of aluminum 
deoxidation, since aluminum is known to reinforce the spheroid- 
izing tendency of the carbide in these steels when they are heated 
to the neighborhood of the critical point. In this light, the tem- 
perature from which the steel, either wrought or cast, is cooled 
and the rate at which it is cooled may have a secondary effect 
in modifying the response of the steel to the heat of welding. 

Other experiments were run on a test sample which was heated 
to a high temperature at one end and allowed to remain below 
1000 F at the other end. It was found that graphitization started 
at about the Ac; temperature, or the temperature which pro- 
motes spheroidization. In this connection, however, it is to be 
borne in mind that the operating temperature of the steam line 
is usually several hundred degrees below the temperature at which 
this spheroidizing occurs. 

Heating the steel to just below Ac; or around 1300 F for longer 
times is assumed to change the carbide from Fe;C to MozC which 
is relatively stable. The beneficial effect of such a high “stress 
relief’ has been discussed in two papers (6, 7). 

Effect of Fluctuating Temperature. Operating temperatures 
are known to vary up and down somewhat from the normal tem- 
perature. While no special study has been made of the effects 
of this variation it is known not to be necessary to graphitization, 
since it has been reported that graphitization occurs in creep- 
test specimens which have been kept at a practically constant 
temperature. If such results are held to be unreliable on account 
of the stress under which the specimen is heated, the various 
laboratory investigations which do not involve stress can be cited 
to demonstrate the same point. In the latter the temperature 
varies somewhat more than in creep testing but is still reasonably 
constant. 

Effect of Welding Conditions. With the accumulation of data 
and observations, it is becoming clear that welding conditions 
probably have a pronounced effect on graphitization, particularly 
on the segregated type. Whether welding is a major factor in 
determining if graphite will be produced or is a secondary factor 
in controlling the rate at which graphitization proceeds when 
other factors are favorable, is not now known. It has been re- 
ported recently that a narrow heat band and a relatively high 
speed of welding favor graphitization. Interpreted in terms of 
microstructure, this must mean that a sharp structural gradient 
is favorable to graphitization of the segregated type. The bene- 
ficial effect of normalizing the welded joint would come from the 
elimination of the sharp gradient. Normalizing would produce 
a very gradual gradient which would not be harmful. 

It has been suggested that stress-relieving at 1300 F, instead 
of the usual 1200 F treatment, may eliminate graphitization. 
Reports from studies of this point are not unanimous in confirm- 
ing this effect. 

Steel Composition. While work has been started to determine 
the possible benefits of a small chromium addition, only one re- 
port has been received which bears on this point. It is reported 
that a chromium-nickel-molybdenum cast steel showed no 


| 
| 
ig 
| 
| 
‘ 
| 
| 
| 
| 
| 
| 
| 
| 
é 
| 
| 
Dig 
| 
| 


HOYT, WILLIAMS—PROGRESS REPORT ON GRAPHITIZATION OF STEAM LINES 51 


graphite after being heated 2200 hr at 1100 F. While this is not 
conclusive there is plenty of evidence that 1100 F will produce 
graphite in graphitizable steels in less time than this. 


E.E.1.-A.E.1.C. Procram at BATTELLE Memoria. INSTITUTE 


The power-generating stations of the electrical industry were 
quick to decide that they should have a thorough understanding 
of the cause and cure of graphitization in carbon-molybdenum 
and plain-carbon steel steam lines. As a result of this decision, 
the Edison Electric Institute and the Association of Edison II- 
luminating Companies, acting jointly, established a research 
project at Battelle Institute and appointed a Joint Subcommittee 
on Graphitization of Piping to supervise the work. This com- 
mittee is composed of Alex D. Bailey, Commonwealth Edison 
Company, chairman; Sabin Crocker, Detroit: Edison Company, 
secretary; T. E. Purcell, Duquesne Light Company; and L. F. 
Hankison, West Penn Power Company. 

Before the details of the program were worked out the power 
industry was canvassed to secure opinions on the points that 
should be included. These were formulated as ten questions 
which have been published in a bulletin of the Edison Electric 
Institute (8). The research program was built around these 
points and was set up as a reasonably comprehensive and funda- 
mental investigation. It includes studies of materials of known 
types and of reasonably well understood prior histories, and cov- 
ers important heat-treating and welding cycles. In this way, the 
response of known materials to various fabricating and erection 
conditions will be ascertained. 

Apparently the most elusive factor is that of the effect of the 
welding operation itself. This is not yet really understood, but 
as more information is obtained, it is hoped that modifications 
in present welding practice can be made for welding ‘“‘graphitiz- 
able” steel without making it susceptible to segregated or “‘iso- 
thermal graphitization.”” On the other hand, it is even more 
desirable to develop a steel for these applications which is not 
susceptible to graphitization, however it may be welded. In 
fact, the latter is considered to be one of the major objectives of 
this invéstigation. 

Identification of Graphite. The identity of the material ad- 
jacent to the welded joint of the Springdale Station has been dis- 
cussed on a number of occasions. While it was held to be graph- 
ite soon after its discovery, and its behavior in certain respects 
strongly indicated that it was graphite, there were some doubts 
cast upon this identification. 

One of the first objectives of the Battelle program was the 
positive identification of this material. Without going into all 
the details, the physics department of Battelle Memorial Insti- 
tute has identified it as graphite by X-ray crystal analysis and 
by electron-diffraction methods. The best and most direct evi- 
dence was obtained by fracturing a sample from a Springdale 
joint in such a way that the fracture exposed the typical scalloped 
appearance and dark surface color. The electron-diffraction 
pattern of the surface thus exposed showed graphite. Chemical 
analysis of residue extracted electrolytically from the “eyebrow” 
region of another typical sample showed it to be high in graphitic 
carbon, whereas a similar sample taken from the unaffected stock 
showed but traces of graphitic carbon. 

We may now pass to the variables selected for study. 

Variables Studied. The points included in the Battelle pro- 
gram are as follows: 

1 Plain-carbon steel versus carbon-molybdenum steel. An 
attempt is being made to understand the effect of molybdenum, 
pafticularly to compare the straight carbon steel with the C-Mo 
steel in terms of the safe operating temperatures for each. 

2 Effect of aluminum additions. Commercial and experi- 
mental steels with high and low aluminum additions and steels 


which have no aluminum addition (straight silicon-killed) are 
being compared. These tests will cover carbon and carbon- 
molybdenum steels and steels with various amounts of chromium. 

3 The welded versus the unwelded condition. Since it is 
the segregated type of graphitization that is of most importance, 
it is necessary to study the behavior of these steels in both welded 
and unwelded conditions. Furthermore, there is some indica- 
tion that a welding technique which creates a particularly steep 
temperature and structure gradient is more serious than one in 
which the gradient is more gradual. Consequently, it is neces- 
sary to study the effects of various welding speeds, heat input, etc. 

4 Effect of prior structure. Most of the steel is used in the 
“as-received” condition but some of the steels are put in service 
after a hot-working or forming operation at temperatures as high 
as 2200 F, or thereabouts. This leaves a relatively coarse- 
grained structure in both C and C-Mo steel. At other times, 
such treatments are followed by normalizing at about 1650 F. 
These conditions are being compared, but in many cases the 
standard normalizing treatment has been preceded by air-cool- 
ing from 2200 F. It seemed necessary to include the prior treat- 
ment, since there is evidence that an aluminum-killed steel 
which has been heated under oxidizing conditions is predisposed 
to graphitization when heated for long periods below the critical 
point (3). In commercial C-Mo pipe the annealed or pearlitic 
structure does not occur, to our knowledge, since the steel is air- 
cooled and not furnace-cooled. On this account the pearlitic 
structure is not included in the commercial samples, except in 
some samples which were heated to above the critical point and 
cooled in the furnace. The carbon steels are pearlitic, though 
air-cooled. 

5 Effect of postheat treatments. Standard practice for 
stress-relieving arc-welded joints of steam lines has been a treat- 
ment of about 2 hr at 1200 F. More recently, it has been sug- 
gested that 1300 F is preferable. To study these effects samples 
have been placed on test either in the as-welded condition or 
after stress-relieving at 1200 F, 1300 F, just below Ac;, just 
above Ac;, and 1500 F. 

6 Effect of carbide stabilizers. Since it seems highly desira- 
ble to understand the effect of chromium in stabilizing the car- 
bide under the conditions being considered here, two series of 
experimental heats have been prepared at Battelle, one with high 
aluminum deoxidation and the other with no aluminum addition, 
containing approximately 0, 0.25, 0.50, 0.75, 1.00, and 1.50 per 
cent chromium. The steels are otherwise of a typical carbon- 
molybdenum analysis. Titanium is likewise known to be a car- 
bide stabilizer and, through the co-operation of G. F. Comstock 
of the Titanium Alloy Manufacturing Company, samples of steel 
containing titanium are likewise included. 

Test Conditions. It was the original plan to heat the samples 
at three different temperatures, 925, 1025, and 1125 F. The 
first temperature represents the operating temperature. The 
highest temperature was our estimate of the maximum test 
temperature which we could use and still avoid the irregularities 
which might come from carbon solubility in ferrite and conver- 
sion to molybdenum carbide. The other temperature was the 
mean of these two. If these estimations were correct, the higher 
test temperatures would simply accelerate graphitization, and 
that fact would be confirmed by plotting the rate of graphitiza- 
tion against the reciprocal of the absolute temperature. If the 
data did not plot as a straight line, we would know that raising 
the temperature was producing some effect in addition to mere 
acceleration of the process. 

Information obtained with the tests which had run out to about 
3000 hr showed that the maximum temperature of 1125 F was 
too high for the purpose intended. Actually, it had produced 
but little more graphite than the test temperature of 1025 F. 
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Fig. Stnete-BEAD WELDED CARBON-MOLYBDENUM STEEL SPECIMEN 


(MeQuaid-Ehn grain size 6 to 8, abnormal, air-cooled from 2200 F, and normalized at 1650 F; stress-relieved at 1310 F; tested up to 3850 hr at 1125 
F, subsequently at 1150, 1050, 950, 1050 F, etc., with temperature changed weekly.) 
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In the meantime, experience given by Pittsburgh Piping and 
Equipment Company and elsewhere has indicated the desira- 
bility of using a variable or cyclic temperature in studies of graphi- 
tization. Consequently, the furnace which had been operating 
at 1125 F has now been set upon the following cycle: 950 F, 1050 F, 
1150 F, 1050 F, ete., thetem perature being changed at weekly 
intervals. 

Test Results. Specimens representative of the variables listed 
in the first five paragraphs of the preceding section have been 
examined microscopically after periods of 500, 1500, 3000, and 
5000 hr, although as specimens from this latter group have 
only recently been removed, relatively few have been examined. 
Those for use in studying the effect of the carbide stabilizers de- 
scribed in paragraph 6 of the preceding section have been welded 
and are now on test, but as most of them have only recently 
been put on test, no results are yet available. 

Results of the Battelle investigation have been reported by the 
Joint E.E.1.-A.E.1.C. Subcommittee (1, 8, 9). These should be 
consulted for the details. 

The general results so far found are as follows: 

1 Plain-carbon steel versus carbon-molybdenum - steel. 
Tests indicate that the carbon-molybdenum steels are appre- 
ciably more resistant to graphitization than the plain-carbon 
steels. No evidence of graphitization was found after 500 hr for 
any of the carbon-molybdenum group, while the plain-carbon 
group had slight amounts of random graphite in all the high- 
aluminum deoxidized specimens, and with relatively few excep- 
tions in the low-aluminum deoxidized group as well. 

All test temperatures employed were above the normal operat- 
ing range for carbon-steel pipe, but the appearance of slight 
amounts of graphite at 925 F is significant, because this tempera- 
ture is about comparable to 1025 F and 1125 F for the carbon- 
molybdenum steels. 

Furthermore, after 1500 hr, very considerable amounts of ran- 
dom graphite were present in many of the plain-carbon steel speci- 
mens; whereas, in the comparable group of carbon-molybdenum 
specimens, small amounts of graphite were found in the high- 
aluminum deoxidized type only. This difference is further em- 
phasized after a 3000-hr test period. Figs. 1, 2, and 3 illustrate 
these points. 

2 Effect of aluminum additions. The effect of aluminum 
additions was demonstrated clearly in both the carbon-molyb- 
denum and plain-carbon steel specimens. In all cases where 
graphite was observed, steels deoxidized with 1.5 to 2 lb of alu- 
minum per ton had appreciably more graphite than those which 
had been deoxidized with approximately '/2 lb of aluminum per 
ton. Furthermore, in some instances no graphite was found 
after 3000 hr in low-aluminum deoxidized specimens, while 
moderate amounts were found in high-aluminum deoxidized 
specimens subjected to identical test conditions. 

3 Effect of welding. Segregation of graphite at the weld 
heat-affected zone was found in plain-carbon steel. This is well 
developed in as short a test time as 3000 hr, as is shown in Fig. 1. 
To date, this has not occurred in the welded carbon-molybdenum 
steels in 3000 br, nor even after 5000 hr in the relatively few 
samples of this group which have been examined. Apparently 
longer times are needed to develop this effect in the alloy steel, 
particularly the coarse-grained type. All graphite in the un- 
welded specimens is distributed at random. 

4 Effect of prior structure. Current test results have not 
established too clearly the effect of prior structure on the sus- 
ceptibility of a steel for graphitization. However, the data 
indicate that the material heated to 2200 F and air-cooled is more 
resistant to graphitization than material heated to 2200 F, air- 
cooled, and subsequently normalized at 1650 F. It should be 
noted that this observation is based chiefly on the random type 


(a) 5000 hr; X100 


(6) 5000 br; 


Nital etch 
Fig. 3) SInNGLE-BEAD WELDED CARBON-MOLYBDENUM STEEL SPECcI- 
MEN 


(McQuaid-Ehn grain size 2 to 4, normal; air-cooled from 2200 F, and nor 


malized at 1650 F; stress-relieved at 1310 F; tested up to 3850 hr at 1125 F, 


subsequently at 1150, 1050, 950, 1050 F, etc., with temperature changed 
weekly. Few scattered graphite particles only; none observed after 
shorter periods.) 


of graphite, and that further work may show that the structure 
produced by the former heat-treatment may be more susceptible 
to segregation of graphite in the weld heat-affected zone. 

5 Effect of postheat treatments. Results so far indicate that 
specimens stress-relieved at about 1300 F are, in general, slightly 
more susceptible to graphitization than those stress-relieved at 
1200 F. However, it should be pointed out that this comparison 
is based on graphitization of the random type, and it is thought 
that future work may indicate that the 1300 F stress relief is 
more effective than the 1200 F in preventing graphite segregation 
in the weld heat-affected zone, particularly of the carbon-molyb- 
denum steel. 

Specimens in the as-welded condition are more susceptible to 
graphitization than those subjected to either of the stress-reliev- 
ing treatments discussed in the preceding paragraph. Data 
from specimens stress-relieved at temperatures above the Ac; 
critical temperature (as high as 1500 F) indicate that, in general, 
such specimens are slightly more susceptible to graphitization of 
the random type than those stress-relieved below the Ac, critical 
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temperature. On the other hand, this treatment eliminates the 
structure “gradient” at a weld and should dispose of the tendency 
to form the segregated graphite. 


GENERAL DISCUSSION 


Looking over the situation on graphitization of steam lines, 
‘he preventive measures which have been proposed to date may 
be said to emphasize safe practice, which is the immediate ob- 
jective. As more information becomes available, it is expected 
that more convenient ways or less expensive means May appear. 
As the power stations go to higher and higher operating tempera- 
tures, it is fortunate that the alloying elements which may be 
needed to resist sealing are also powerful stabilizers of the car- 
bide. However, most of the power of the country is generated 
by equipment which operates at lower temperatures and which 
is made largely of plain-carbon steel. The common carbon 
steels are therefore very important and will be given their fair 
share of attention. 

Safe practice for steam lines could be achieved either by using 
a steel that is immune to graphitization no matter how made or 
fabricated, or by using a fabrication or welding practice that will 
avoid graphitization, at least of the segregated type, even of sus- 
ceptible steels. At present, both measures are contemplated, 
since work is planned with steel which is made to “‘coarse- 
grained” practice with 0.4 to 0.6 per cent chromium as a stabil- 
izer, and work has started on stress-relieving the welded joint at 
higher temperatures than have been used in the past. Controls 
of the heat input during welding have not been used in so far as 
we know. Evidence on this point is meager, and the indications 
are that it would be beneficial to use larger electrodes, higher 
currents, and slower welding speeds, or possibly to switch to a 
different rod. The object of such changes in welding procedure 
would be to broaden the structural gradient over the heat-affected 
zone. 

At the start of the present program, interest was limited 
largely to the wrought-steel pipe of the steam lines, but as time 
went on, other parts, not included, were found to have graphi- 
tized. To help round out the program, the Joint A.S.M.E.- 
A.S.T.M. High Temperature Committee and other agencies are 
assisting in studies of other power-station materials which are 
subject to high temperatures during operation. The latter 


would be various steel castings, forgings, superheater tubes, 
drums, turbine and boiler parts, etc. The situation is similar 
to that of steel pipe in many ways, but with important differences. 
Cast-steel valves, for example, are made with aluminum deoxi- 
dation to produce the desired density and soundness, and, like 
similarly made wrought steels, they have been found to graphitize 
in service. More information is needed to point to the best way 
to handle this situation. Some other parts are made of plates or 
forgings of silicon-killed steel. With the exception of a forged tee, 
these have not graphitized to date. 

Experience with the wrought-steel pipe is more advanced, and 
the A.S.T.M. has started work on specifications for powerhouse 
applications, particularly those involving the higher operating 
temperatures. 
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Investigation of Graphitization at Detroit 


By R. M. VAN DUZER, JR.,! I. A. ROHRIG,? ano ARTHUR McCUTCHAN? 


The investigation reported in this paper has revealed no 
serious case of deterioration in welded joints of carbon- 
steel or carbon-molybdenum piping in the power plants of 
The Detroit Edison Company. Definite evidence of the 
dispersed type of graphite, however, was found in a num- 
ber of joints. The most pronounced graphite was found 
in carbon-steel pipe joints which had been in service at 835 
F for approximately 60,000 hr. A slight to moderate 
amount of graphite was found in high-aluminum carbon- 
molybdenum welded joints in service at 900 F for periods 
up to 43,000 hr. No graphite was found in low-aluminum 
carbon-molybdenum pipe joints in service at 900 F for 
periods up to 20,000 hr. Welded samples of high- and low- 
aluminum type carbon-molybdenum pipe heated for 3300 
hr at 1000 to 1060 F in a laboratory furnace confirmed the 
conclusion from examinations of pipe joints in service 
that the low-aluminum variety of carbon-molybdenum 
pipe had greater resistance to graphitization. 


HE Detroit Edison Company, in common with other users 

of high-temperature equipment, started to investigate 

possible deterioration in welded pipe joints immediately 
after the findings on the Springdale main-steam failure were made 
known. The deterioration revealed by that failure was identified 
as a precipitation of graphite in the heat-affected pipe metal adja- 
cent to the weld. The group of papers presented at the 1943 
Annual Meeting of the Society (1) described this phenomenon 
quite fully. Knowledge, however, of the fundamental causes 
and of the means for preventing the formation of graphite re- 
mains incomplete. It is hoped that the field and laboratory in- 
vestigations reported in this paper will contribute toward such 
knowledge. 

As the first step in the study of graphitization, a small sample 
of graphitized material was obtained from a Springdale welded 
pipe joint. This sample enabled first-hand photomicrographic 
data to be secured on the identification of graphite, the location 
of the segregated graphite lines, and the re-solution of graphite by 
heat-treatment. The carbon-rich zone which resulted from 
heating a graphitized sample for a short period at 1800 F was 
considered to give positive confirmation that the segregated 
material actually was graphite. 

Armed with this new information, metallographic specimens of 
carbon-moly pipe and castings, which had been subjected to pro- 
longed heating at 925 F and 1000 F in an experimental steam line 
and in the Delray 1000 F installation, were examined for graphite. 
These examinations and the field and laboratory investigations 
of welded carbon-moly and carbon-steel pipe joints are described 
in the following sections. 

‘ Engineer, Production Department, The Detroit Edison Com- 
pany, Detroit, Mich. Mem. A.S.M.E. 

? Research Department, The Detroit Edison Company. 

, a“ Division, The Detroit Edison Company. Jun. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Joint A.S.T.M.-A.S.M.E. Research Com- 
mittee on the Effect of Temperature on the Properties of Metals and 
presented at the Annual Meeting, New York, N.Y., Nov. 27—Dee. 1, 
1944, of Tae AMERICAN Soctety OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


EXAMINATION OF TUBULAR CREEP SECTIONS 


In an effort to bridge the gap between results of laboratory 
tensile creep tests and the diametral extension of pipe subjected 
to internal pressure, two thin-walled creep-measurement sections 
of carbon-moly tubing had been installed in the 925 F portion of 
the Trenton Channel experimental steam line. These creep-test 
sections were described previously by Van Duzer and Mc- 
Cutchan (2). Despite the fact that these sections had been sub- 
jected to 925 F + 20 deg F for approximately 20,000 hr, no 
graphite was found either in the pipe-metal proper or in the zones 
affected by the heat of welding. 

The pipes from which the 4.95-in-OD 0.102-in. wall test sec- 
tions were machined had been made in accordance with the fine- 
grained (high-aluminum) practice corresponding to Grade P1 of 
A.S.T.M. Specification A158-37. The internal pressure of 380 
psi produced a hoop stress of 9220 psi in these test sections. One 
section was made from an electric-furnace heat, while the other 
was made from an open-hearth heat of steel. Their respective 
compositions are given in Table 1. The contents of nickel and 


TABLE 1 CHEMICAL COMPOSITION OF CREEP-TEST 
SECTIONS, PER CENT 


Cc Mn Si Mo Ni Cr Al AlzO3 
Electric-furnace, 


heat 11067....... 0.13 0.49 0.25 0.52 0.23 0.06 0.022 0.010 
Open-hearth, 
heat 4129........0.13 0.40 0.19 0.56 0.17 0.10 0.011 0.008 


chromium and the differences in the amounts of metallic alumi- 
num and aluminum oxide in the two steels are noteworthy. The 
low residual aluminum found in the open-hearth material sug- 
gests that for some reason this heat was deoxidized with less 
aluminum than was the usual practice in producing carbon-moly 
pipe to meet Grade P1 of A.S.T.M. Specification A158-37. 

In an effort to explain the absence of graphite in these special 
test sections, McQuaid-Ehn tests were made on both materials. 
The open-hearth material was classed as “normal,” while the 
electric-furnace material was classed as “moderately abnormal.” 
It has been postulated by Kerr (1) that the response of steels in 
the McQuaid-Ehn test can be correlated with their tendency to 
graphitize during high-temperature service. Since ‘both steels 
were free from graphite, this test was inconclusive in this in- 
stance. 

Although no graphite was found in the carbon-moly creep-test 
sections, evidence of the special affinity of chromium for carbon 
was observed in examining an austenitic, 18 Cr-8 Ni, weld be- 
tween a carbon-moly test section and the adjoining 18 Cr-8 Ni 
pipe. This finding led to an investigation of the use of chro- 
mium-nickel electrodes in the welding of carbon-moly pipe. It 
is shown in a companion paper by one of the present authors (3) 
that austenitic welds in carbon-moly pipe will prevent the forma- 
tion of segregated graphite in the weld-heat-affected zone of a 
material otherwise susceptible to graphitization, such as the 
Springdale pipe. 


EXAMINATION OF SPECIMENS F Rom 1000 F INSTALLATION 


The replacement carbon-moly throttle valve of the 10,000-kw 
1000 F turbogenerator which was described by Van Duzer and 
McCutchan (2) also was examined for graphite as it was thought 
that what had previously been referred to as inclusions might 
have been graphite. A few dispersed nodules of graphite were 
found in this casting, but they were not considered to have any 
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greater significance than the numerous inclusions also present. 
The casting in question had been in service for a total of 15,000 
hr at 1000 F. 

Unfortunately, since most of the materials used in the 1000 F 
installation were scrapped several years ago, only metallographic 
specimens of the principal materials were available for graphite 
examination. However, the absence of any pronounced change 
in physical properties, and the freedom from cracks and other 
failures during a total of 26,000 hr at 1000 F, indicate that graphi- 
tization was either not present or at least not of significance. 


TRANSACTIONS OF THE A.S.M.E. 


joints and one carbon-steel pipe joint in the main steam lines at 
the Delray and Conners Creek plants during 1943. These 
joints, or their equivalents, were re-examined in 1944. The re- 
moval of corrugated carbon-steel fillers for examination enabled 
rather extensive data to be secured on carbon-steel pipe and pipe 
joints during 1944. The amount of graphite found in the carbon- 
moly and carbon-steel pipe joints investigated is indicated on the 
plot of service temperature against service period in Fig. 1. 
The same information together with descriptions of the joints, 
materials, and heat-treatment prior to welding is given in Tables 2 
and 3, for carbon-moly and for carbon-steel pipe joints, respec- 


INVESTIGATION OF GRAPHITIZATION 


IN FIELD JOINTS 


Weld probe samples were obtained from four carbon-moly pipe 


TABLE 2 CARBON-MOLY WELDED PIPE 


tively. 
have been examined. 


JOINTS INVESTIGATED FOR GRAPHITE 


In all, six carbon-moly and nine carbon-steel pipe joints 
These joints included connections to 


1943 1944 
Joint Description Material Heat No.¢ Heat-treatment Hours TempF Graphite Hours Temp. F Graphite 
Bend Low-Al? 8181°¢ Nor. 1725-1750 F 11228 900 None 19219 900 None 
A 12 in. Sch 100 C-Mo 
Filler C-Mo 8502/ Hot-rolled 
Draw 1200 F 
Bend High-Al® 24909 Ann. 1700 F 
B 12 in. Sch 100 C-Mo 27238 900 Slight 33745 900 Moderate 
Filler C-Mo 24900 Nor. 1650 F 
Draw 1200 F 
Bend High-Al 7011S Ann. 1900-1925 F " 
Cc 10 in. Sch 80 C-Mo 34688 885 Slight 
Bend C-Mo 701s Ann. 1900-1925 F 
Bend High-Al 24909 Ann. 1700 F 
D 12 in. Sch 100 C-Mo 35889 900 Slight 
Filler C-Mo 24909 Nor. 1650 F 
Draw 1200 F 
Bend High-Al Not Hot-rolled plus 
E 10 in. Sch 60 C-Mo obtained bending heat 39581 25 None 
Bend C-Mo Not Hot-rolled plus 
obtained bending heat 
Bend High-Al 7011¢ Ann. 1900-1925 F Slight 
F 10 in. Sch 80 C-Mo 42914 890 7 
Valve casting C-Mo* Not Not obtained Slight 
obtained 


* Pipe made to A.S.T.M. A206 with approximately 0.50 lb. of aluminum added per ton. 


> Pipe made to A.S.T.M. A158 with ap 


© Casting conforms to Grade WC 1 a 8.T.M. A217, carbon- molybdenum. 
@ The chemical compositions of these heats of carbon-moly pipe are given in Table 4. 


* Moderately abnormal in McQuaid-Ehn test. 


Highly abnormal. 
Slightly abnormal 


TABLE 3 CARBON-STEEL WELDED 


roximately 1.50 lb of aluminum added per ton. 


PIPE JOINTS INVESTIGATED FOR GRAPHITE 


Joint Description Material Heat No.¢ Heat-treatment Hours Temp F Graphite 
Bend Grade B® 22090 Hot-rolled 
G 10in. Sch 80 Carbon steel 34610 835 None 
Cor. filler Carbon steel 22090 Heated at 1400 F 
Cor. filler Grade B 22090 Heated at 1400 F 
H 10 in. Sch 80 Carbon steel Not 34610 835 None 
Valve casting Cr-Ni-Mo> obtained Normalized 
Bend Grade B 6475 Hot-rolled Moderate 
* 12in. Sch 80 Carbon steel 45586 835 
Grade B 
Bend Carbon steel 6475 Moderate 
Bend Grade B 7635 or Hot-rolled Moderate 
J 16in. Sch 80 Carbon steel pipe 6449 52783 835 
Y-fitting Low-Al carbon- 64383 Normalized ‘ None 
steel plate 
Bend Grade B 11491 Hot-rolled Considerable 
K 10in. Sch 80 Carbon steel 59590 835 
Grade B 
Cor. filler Carbon steel 11491 Heated at 1400 F Considerable 
Cor. filler Grade B 11491 Heated at 1400 F Considerable 
L 10 in. Sch 80 Carbon steel Not 59590 835 
Valve casting Cr-Ni-Mo obtained Normalized None 
Bend Grade B 6082 Hot-rolled Moderate 
M 12in. Sch 80 Carbon steel 64000 835 
Grade B 
Filler Carbon steel 6082 Hot-rolled Moderate 
Bend Grade B 11459 Hot-rolled Considerable 
N 10 in. Sch 80 en steel 64000 835 
rrade 
Cor. filler Carbon steel 11459 Heated at 1400 F Considerable 
Cor. filler Grade B 11459 Heated at 1400 F Moderate 
oO 10in. Sch 80 Carbon steel Not 64000 835 
Valve casting Cr-Ni-Mo, WC, obtained Normalized None 


4 Pipe made to A.S.T.M. A106, me B, with 0.15 per cent minimum silicon, high residual aluminum. 


>» Castings conform to Grade WwC4 of 


3.T.M. A217, chrome-nickel- molybdenum. 


© Joint examined in 1943, highly abnormal i in McQuaid-Ehn test. 
d@ The chemical compositions of these heats of carbon steel are given in Table 5. 
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AMOUNT OF GRAPHITE FoUND IN CARBON-MOLY AND 
CARBON-STEEL WELDED Pipp JOINTS 


Kia. 1 


carbon-moly and chrome-nickel-moly valve castings and to a 
special Y-fitting made from carbon-steel plate. 

The greatest amount of graphite was found in 10-in. Schedule 
80 carbon-steel pipe joints, designated as “K,” “L,” and “N” in 
Table 3, which had been subjected to 835 F for from 60,000 to 
64,000 hr. On the other hand, no graphite was found in two 
similar joints after 35,000-hr service at 835 F. The graphite in 
joints K, L, and N was of a distributed nodular type entirely 
dissimilar to the segregated chain type found in the Springdale 
joints. The location of the graphite at the transition between 
the zone affected by the heat of welding and the coarse ‘‘as- 
rolled” pipe structure is particularly well illustrated in Fig. 2. 

No graphite was found in the low-aluminum variety of carbon- 
moly pipe which had been in service at 900 F, but the service 
periods were less than 20,000 hr. A slight amount of graphite 
was found ia high-aluminum carbon-moly pipe joints examined 
after 27,000 hr at 900 F, but none after 40,000 hr at 825 F. The 
graphite in the 900 F joint was found to have increased apprecia- 
bly when examined the following year, but was stil! classed as 
only moderate in amount. 

The chemical compositions of the heats of carbon-moly pipe 
investigated for graphite are given in Table 4. The same in- 
formation on Grade B carbon steel is given in Table 5. 


TABLE 4 CHE ppt COMPOSITION OF CARBON-MOLY PIPE 
INVESTIGATED FOR GRAPHITE 


Percentage by weight 
Al 
Heat no. Cc Mn Si Mo P 8 (metallic) 
8181 0.16 0.51 0.27 0.50 0.017 0.018 
8502 0.17 0.45 0.24 0.51 0.015 0.027 ee 
2490 0.15 0.57 0.20 0.50 0.010 0.030 0.042 
7011 0.16 0.47 0.14 0.45 0.014 0.020 0.028 


TABLE 5 CHEMICAL COMPOSITION OF GRADE B CARBON- 
STEEL PIPE INVESTIGATED FOR CREEP AND GRAPHITE 


Percentage by weight 


Al 
Heat no. Cc Mn Si P s (metallic) 
X (1933)¢ 0.33 0.75 0.06 0.01 0.02 0.04 
6082 0.29 0.77 0.16 
6475 0.28 0.97 0.22 0.014 0.023 0.042 
22090 0.26 0.96 0.19 0.026 0.034 0.025 
7635 0.29 0.87 0.24 re age 0.03 
6449 0.33 0.96 0.22 wat cas 0.05 
64383 0.27 0.75 0.02 0.006 
11491 0.27 0.83 0.20 0.016 0.027 0.044 
11459 0.30 0.90 0.25 0.018 0.019 0.041 


* Chromium reported as 0.06 per cent. 


Since the most graphite found in the 1943 examinations was in 
a carbon-steel pipe joint, the entire joint was removed and physi- 
cal tests made to determine if the amount of graphite observed 
had adversely affected the physical properties. The resulting 
physical properties of across-the-weld specimens from this joint, 
designated as Joint I, are given as item 5 in Table 6. The short- 
time tensile properties compare favorably with those reported for 
a similar joint tested in 1933, before service, see item 4, and with 
an all-weld metal specimen prepared and tested in 1944, see item 8 
of Table 6. 


INVESTIGATION OF EFFECT OF SERVICE ON CREEP STRENGTH 


Creep tests were made on across-the-weld specimens from Joint 
I of Table 3 which showed that 46,000 hr of service at 835 F had 
definitely reduced the creep strength. Rates of creep under a 
stress of 7000 psi at 850 F had increased from 0.2 per cent in 
100,000 hr to 1 per cent. Compare items 4 and 5 of Table 6. 
The change at 15,000-psi stress was even more pronounced. To 
confirm these findings a joint was removed and tested after a 
total service of 64,000 hr. A specimen from this joint gave the 
same creep rate for the 7000-psi stress as the joint tested after 
46,000 hr, see item 6 of Table 6 

Since the across-the-weld specimen from the partially graphi- 
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TABLE 6 COMPARISON OF PHYSICAL PROPERTIES OF GRADE B CARBON-STEEL PIPE 
BEFORE AND AFTER SERVICE AT 835 F 


Yield 
Ten. str., point, 
Item Material psi psi 
Pipe metal, 
1 Heat X1933, 73067 40000 
before service 
Pipe metal, 
2 Heat 6082, 78020 45550 
before service 
Pipe metal, 
3 Heat 6082, 74450 42850 
after 64,000 hr; 
Joint M 


Across weld, 
4 Heat X1933, 65915 42500 
before service 


Across weld, 
5 Heat 6475, 64300 50300 
after 46000 hr; 
Joint I 
Across weld, 
6 Heat 6082, 57850 43000 
after 64000 hr; 
Joint M 


Across weld, 
7 Heat 11459, 62400 Not 
after 64000 hr; determined 
Joint N 
All-weld metal, 
8 before service 65124 51837 
All-weld metal, 
9 after 64000 hr; 55455 42727 
Joint M 


Short-time tensile tests at 80 F 


Creep rate at 850 F— 
Elong., Per cent in 100,000 hr 

per cent Red. area, 7000 12000 15000 
in 2 in. per cent psi psi psi 
32.2 60.1 0.34 1.8 er 
33.6 57.1 0.66 


32.8 55.4 0.3¢ 


17.35 51.2 1.0 7.0 20.0 


31.3 ee 


31.3 ee 


@ Based on elongation between the 300 and 600 hr of creep test, which was of only 600 hr duration. 

+b Based on elongation between the 400 and 1000 hr of 1000-hr test. No elongation occurred in this 
specimen in the interval between the 300 and 600 hr of test. 

© Based on elongation between the 600 and 1000 hr of 1000-hr test since negative creep occurred be- 
tween the 400- and 600-hr intervals, giving an over-all elongation of zero between 400 and 1000 hr of test. 


tized joint contained three kinds of material within the 2-in. gage 
length, it was not apparent to which material the change in rate 
of creep was due. Because the partially graphitized material on 
each side of the weld-heat-affected zone accounted for only a few 
hundredths of an inch of the 2-in. gage length, it seemed more 
probable that some change in the pipe or weld metal was re- 
sponsible. Accordingly, creep tests were run on two samples of 
pipe metal from the same heat of steel, one which had been kept in 
stock, the other subjected to 835 F for 64,000 hr. The results, 
given as items 2 and 3 of Table 6, indicate that, if any change, 
the creep strength of the pipe metal has increased with service. 
It was concluded from these results and the change observed in 
the tensile properties at room temperature that there had been a 
material reduction in the creep strength of the weld metal. 
However, some curious contractions were noted which make the 
creep behavior difficult to interpret. Similar pipe tested in 1933 
in the as-received condition, chanced to have the same creep rate 
as the pipe tested after 64,000 hr service, but because of the rather 
erratic behavior of the used pipe material during the creep test, 
too much weight should not be given to this coincidence. Only 
one specimen of pipe metal was tested for each condition and 
stress, so results are not at all conclusive. 

Creep tests on all-weld-metal specimens before and after 
service were planned, but because of the reinforcement at the 
weld and the small ring of weld metal subjected to bursting pres- 
sure, such tests were considered to be of interest only as a con- 
tribution to fundamental knowledge. It was felt that the good 
creep resistance of the pipe proper gave satisfactory assurance 
that no difficulty through excessive creep of the Grade B carbon- 
steel pipe at 835 F would be experienced. 


DETERMINATION OF TEMPERATURE VARIATIONS IN SERVICE 


The pronounced effect on graphitization of steam temperature 
swings and corresponding metal temperature variations above the 
average or nominal operating temperature has been noted by a 
number of investigators. In order to secure data on temperature 
variations to which the pipe joints described in this paper were 


subjected, available operating records for several steam gener- 
ators and two turbogenerators were reviewed, Tables 7 and 8. 
While the results cover only a portion of the total service periods 
in each case, they are believed to give a useful indication of the 
extent and duration of temperature fluctuations in the 900 F 
and 825 F steam lines. Since the data are incompleée, individual 
joints are not identified with particular steam generators or 
turbogenerator units. 


TABLE 7 TEMPERATURE-DURATION DATA; CARBON-MOLY 
JOINTS 


Turbine throttle, nominal... 900 F 
Average of hourly readings... 890 F 


Superheater outlet, nominal. 910 F 
Average of hourly readings. .. 900 F 


Service hours covered....... 7839 14893 
Above 930 F......... 0 per cent 6 per cent 
22 per cent 63 per cent 
Below 900 F......... 78 per cent 31 per cent 


TABLE 8 DATA; CARBON-STEEL 


Turbine throttle, nominal... 825 F 
Average of hourly readings.. 822 F 


Superheater outlet, nominal. .850 F 
Average of hourly readings. . .835 F 


Service hours covered...... 21251 Temperatures at superheater outlet 
Above 850 F..... .. 1 per cent are approximately 10 F higher 
840-850 F ..10 per cent than at turbine throttle. 
831-840 F.. ..36 per cent 
821-680 F............ 34 per cént 


Below 820 F......... 19 per cent 


The data given in Tables 7 and 8 illustrate the difficulty in 
correlating graphitization reported in examinations of welded 
pipe joints in service with nominal operating temperatures. 
They also indicate the need for control of temperature swings 
above the design temperature and for more detailed records of 
the actual temperatures. It will be noted that the averages of 
hourly readings in all cases are at or below the nominal design 
temperatures. 


INVESTIGATION OF GRAPHITIZATION Propucep BY Test-HEATING 


The laboratory test program consisted of heating welded 
samples of high-aluminum and low-aluminum carbon-moly pipe 
for approximately 3300 hr at temperatures ranging from 1000 to 
1060 F. The test bars for the most part were 1 in. square and 
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4c - Aswelded, graphite after test heating * ~ 4d - 1200 F stress-relieved, graphite after test heating 


q & < : 
* 


| 4c - 1350 F stress-relieved, no graphite after test heating 4f - 1725 F normalized, no graphite after test heating j 
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about 5 in. long, with a weld in the middle of the length simulating 
a pipe weld. Two groups of specimens were prepared, (a) using 
pipe in the condition received from the pipe mill, and (6) after 
normalizing the high-aluminum and low-aluminum pipe at 1900 F 
and 1800 F, respectively. 

The samples were heated in an electric-resistance type of fur- 
nace which consisted of a number of heating chambers stacked 
one on top of the other. The temperatures of the different cham- 
bers were established over a period of several days by adjusting 
rheostats to supply slightly less current to the elements than 
would be required to maintain the desired temperature. The 
additional current required was regulated by a Leeds and North- 
rup controller. The chamber used for these samples was closed 
by means of a double door which was opened only a few times 
during test. The outer door was sealed with asbestos thus 
minimizing infiltration of outside air. No difficulty was ex- 
perienced with oxidation of the samples. 

In order to obtain information on what postheating, or stress- 
relieving treatment should be given welded carbon-moly pipe 
joints, the sixteen welded specimens representing the high- 
aluminum and low-aluminum carbon-moly materials both as- 
received and after normalizing were tested in the following condi- 
tions: (a) as-welded, (6) stress-relieved at 1200 F for 2 hr, (c) 
stress-relieved at 1350 F for 2 hr, and (d) normalized at 1725 F 
by holding for 1 hr. 

Metallographic examination of these specimens after the test- 
heating at 1000 to 1060 F for approximately 3300 hr enabled the 
following findings to be reported for each type of pipe material: 

Effect of Heat-Treatment on Graphitization of High-Aluminum 
Pipe: 

1 Normalizing high-aluminum carbon-moly pipe at 1900 F 
caused a slight increase in grain size as shown by photomicro- 
graphs (a) and (6) in Fig. 3. The amount of random graphite 
found in the heat-affected zone of a welded specimen of the 1900 F 
normalized material was slightly greater than that observed for 
a welded specimen of the 1650 F mill-normalized condition. 
Photomicrographs (c), (d), and (e) in Fig. 3, for the 1900 F nor- 
malized material are considered to represent sufficiently well 
conditions found in the 1650 F normalized material, so only the 
one set of photomicrographs is included. 

2 Stress-relieving high-aluminum carbon-moly pipe welds at 
1200 F appeared to widen the region in which graphite nodules 
occurred in the heat-affected zone resulting from 3300 hr at 1000 
to 1060 F, but otherwise caused no change from the as-welded 
condition. Compare photomicrographs (c) and (d) in Fig. 3. 

3 Stress-relieving high-aluminum carbon-moly pipe welds at 
1350 F almost obliterated the distinction between the heat- 
affected zone and the pipe metal, but did not prevent the pre- 
cipitation of random graphite during the 3300-hr heating at 1000 
to 1060 F; photomicrograph (e) in Fig. 3. 

4 Normalizing high-aluminum carbon-moly pipe welds at 
1725 F completely wiped out differences between the heat- 
affected zone and the pipe metal. No graphite was found in, or 
adjacent to the heat-affected zone after 3300 hr at 1000 to 1060 F; 
photomicrograph (f) in Fig. 3. However, a few scattered nodules 
of graphite were found in the pipe metal remote from the weld. 


Effect of Heat-Treatment on Graphitization of Low-Aluminum 
Pipe: 


1 Normalizing low-aluminum carbon-moly pipe at 1800 F 


caused a considerable increase in grain size over the hot-rolled 
1200 F stress-relieved condition; photomicrographs (a) and (b) 
in Fig. 4. The graphite nodules in the weld-heat-affected zone 
of the normalized material after 3300 hr at 1000-1060 F were 
smaller than those found in the heat-affected zone of the hot- 
rolled 1200 F stress-relieved material, but were still present. 

2 Stress-relieving low-aluminum carbon-moly pipe welds at 
1200 F had no appreciable effect on the amount or distribution of 
the graphite in the heat-affected zone which resulted from heating 
at 1000 to 1060 F for 3300 hr. Compare as-welded and 1200 F 
stress-relieved specimens shown in photomicrographs (c) and (d) 
in Fig. 4. 

3  Stress-relieving low-aluminum carbon-moly pipe welds at 
1350 F prevented graphite formation during 3300 hr at 1000 to 
1060 F; photomicrograph (c) in Fig. 4. 

4 Normalizing low-aluminum carbon-moly pipe welds at 
1725 F eliminated the heat-affected zone and caused some grain 
coarsening in the weld metal, as shown by photomicrograph (f) 
in Fig. 4. No graphite was found in either the heat-affected zone 
or in the pipe metal structure remote from the weld. 

The findings just presented confirm the greater graphitization 
resistance of low-aluminum pipe material, the desirability of 
normalizing pipe bends and upset ends prior to welding, and the 
advantages of normalizing welds at 1700 to 1750 F. The 1350 F 
stress-relieving treatment appeared to be effective in the case of 
the low-aluminum material, but not for the high-aluminum 
variety. 

INVESTIGATION FINDINGS SUMMARIZED 


Carbon-moly creep-test pipe sections showed no graphite after 
20,000 hr at 925 F. A few dispersed nodules of graphite were 
found in a carbon-moly casting from the Delray 1000 F installa- 
tion after 15,000 hr at 1000 F. No serious graphitization was 
found in any of the six carbon-moly and nine carbon-steel pipe 
joints examined, after service at 900 F and at 835 F, respectively. 
The greatest amount of graphite was found in a carbon-steel pipe 
joint after 64,000 hr at 835 F. No graphite was found in the 
low-aluminum variety of carbon-moly pipe joints in service at 
900 F for periods up to 20,000 hr. 

Creep tests indicated that the carbon-steel weld metal had de- 
creased in creep strength materially due to service at 835 F; the 
creep strength of the Grade B carbon-steel pipe appeared to be 
unaffected by service. 

Temperature variations in the order of 30 deg F above nominal 
design temperatures were found to be of common occurrence, 
although average operating temperatures were in general at or 


_ below the design temperatures. 


The laboratory findings confirmed the greater graphitization 
resistance of welded low-aluminum carbon-moly pipe material 
and the advantages of normalizing welds as a preventive of 
graphitization adjacent to welded joints. 
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A Study of Austenitic Welding for Control 
of Graphitization in Steel 


By I. A. ROHRIG,! DETROIT, MICH. 


The paper presents evidence that the formation of dan- 
gerous “chain” type graphitization at welds in carbon- 
molybdenum piping exposed to high-temperature service 
may be inhibited by the use of austenitic chromium- 
nickel filler metal. In the tests reported, carbides mi- 
grated from the pipe metal adjacent to the weld and were 
absorbed by the austenitic filler metal, instead of decom- 
posing into graphite in the critical zone at the low-tem- 
perature edge of the heat-affected pipe metal. The inves- 
tigation covered: (a) Examination of an 18 chromium-8 
nickel weld between carbon-molybdenum and 18 chro- 
mium-8 nickel pipe after 20,000 hr of service at 925 F, 
which revealed carbon migration from the carbon-molyb- 
denum pipe metal to the austenitic filler metal. (6) 
Laboratory tests at 1000 to 1200 F, which showed carbide 
absorption by both 18-8 and 25-20 chromium-nickel aus- 
tenitic filler metal from both high-aluminum and low- 
aluminum types of carbon-molybdenum pipe. (c) Graphi- 
tization tests of welds made in samples of pipe from the 
Springdale plant of the West Penn Power Company in 
which graphitization was first observed. A sample welded 
with carbon-molybdenum filler metal showed incipient 
“chain” type graphitization whereas a sample welded with 
austenitic filler metal did not. 


INTRODUCTION 


HE occurrence of a failure adjacent to a welded joint in 

carbon-molybdenum steel pipe at the Springdale Station 

of the West Penn Power Company led to investigations 
(1)? in which it was observed that during the are welding of this 
type of pipe a narrow band of unstable carbide may be formed 
at the extremity of the heat-affected area resulting from welding, 
in the region where the temperature due to welding reaches ap- 
proximately 1300 to 1400 F. During prolonged heating at 850 
to 1000 F, which is the operating temperature used in high-pres- 
sure generating stations, the unstable carbide thus formed will, 
under suitable conditions, decompose to form graphite. The 
graphite gives rise to weakness, and a sudden shock on a joint 
that is severely graphitized may result in complete rupture. 

As a result of this finding an investigation was made of certain 
welded joints in steam power plants of The Detroit Edison Com- 
pany. With one excéption, all of the joints examined had been 
welded with carbor-molybdenum electrodes. The one that was 
different had been welded with an 18/8 chromium-nickel elec- 
trode. This joint was between carbon-molybdenum pipe and 18 
chromium-8 nickel pipe. 

The examination of this particular joint revealed that no 


’ Research Department, The Detroit Edison Company. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Joint A.S.T.M.-A.S.M.E. Research Committee 
on the Effect of Temperature on the Properties of Metals and pre- 
sented at the Annual Meeting, New York, N. Y., Nov. 27—Dee. 1, 
1944, of Toe AMERICAN SocteTy oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


graphite had formed in the heat-affected area in the carbon- 
molybdenum pipe during approximately 20,000 hr of service at 
925 F + 20 F. Although the absence of graphitization was not 
exceptional, the metallurgical characteristics of the joint were 
significantly different from those of the carbon-molybdenum 
welded joints. Examination revealed that carbon had migrated 
from the heat-affected area of the carbon-molybdenum pipe to the 
austenitic chromium-nickel weld metal and was there stabilized 
as chromium carbide. Furthermore, after prolonged service at 
high temperature, the joint was in excellent physical condition 
at the time of removal. : 

From this observation the use of austenitic chromium-nickel 
filler metal to prevent graphitization in the heat-affected area of 
carbon-molybdenum pipe welds in high-temperature steam service 
appears to be an intriguing possibility, provided no difficulty 
results from the unequal expansion of austenitic filler metal and 
carbon-molybdenum steel. 

The use of austenitic chromium-nickel welding and the favor- 
able physical properties of such welds for carbon-steel boiler 
and steam-line construction were reported in the literature as 
far back as 1935 (2, 3, 4, 5, 6, 7). However, no mention has been 
found of the properties of such welds after long-time service at 
high temperature. 

This paper presents the results of a study of the possibility of 
controlling graphitization in welded carbon-molybdenum pipe 
joints for use at high-temperature by welding with austenitic 
chromium-nickel electrodes. The study involved (a) an exami- 
nation of two austenitic welded joints that had been in high- 
temperature service for a number of years; (b) a short-time pre- 
liminary investigation to confirm the findings obtained under 
(a); and (c) a detailed investigation that covered both high- and 
low-aluminum carbon-molybdenum steel and both 18/8 and 
25/20 chromium-nickel electrodes, as well as a sample of pipe, 
including a graphitized welded joint, that had been removed 
from the main steam piping of the Springdale plant. 


EXAMINATION OF JOINTS REMOVED FROM SERVICE 


When it was decided to conduct this investigation, the first 
phase undertaken was a more detailed study of the austenitic 
weld already referred to. The weld was made in 1936 and joined 
carbon-molybdenum steel to KA2S (18/8, low-carbon) steel 
pipe using 18/8 chromium-nickel electrodes. The two sections 
of pipe were 5'/: in. OD, °/s in. wall thickness, and were part of 
an experimental high-temperature steam line. The joint was re- 
moved for examination in 1942, after having been in service ap- 
proximately 20,000 hr at 925 F + 20 F. A macrograph of a 
section of the weld is shown in Fig. 1, and the typical metallo- 
graphic structure of the fusion zone and heat-affected area of the 
carbon-molybdenum side of the joint after removal from service 
is shown in Fig. 2. 

In approximately 20,000 hr of service, during which time the 
piping was cooled to room temperature 42 times, no harmful ef- 
fects resulted from either the carbide precipitation at the fusion 
zone of the weld or the mechanical stressing of the joint caused by 
the unequal expansion of the filler metal and the pipe metal. 
The coefficient of thermal expansion of 18/8 chromium-nickel 
filler metal is approximately 25 per cent greater than that of 


- 
| 
3 
a 
be 
2 
= 
4 
4 
; 
2 
2 
q 
d 
& 
¥ 
4 
4 
| 
3 
65 
3 
2%, 
hte 
$3" 


66 TRANSACTIONS OF THE A.S.M.E. 


Fig. 1 Cross Section oF an 18/8 WeLp BETWEEN 18/8 Pipe 
Lert, anD C-Mo Pips, Rigut, 20,000 Hr at 925 F 


(The black line at the fusion zone between C-Mo pipe and 18/8 weld is 
composed of carbides and is not a crack. Approximately, X 1'/2.) 


carbon-molybdenum steel. The heavy band of precipitated car- 
bides at the fusion zone of the weld might have been considered 
as a weak or brittle zone in which cracking might have occurred 
during service owing to the differential stress in this area. 

On the contrary, however, notched-bar‘tests of samples from 
this joint showed that the notch toughness of the metal at the 
fusion zone was high, a value of 135 ft-lb having been obtained; 
that of the weld metal was 70 ft-lb. Test results showing higher 
values in the heat-affected metal than in the weld metal were re- 
ported by Beckmann (2) and Kautz (3) in 1935, and recently by 
another laboratory.* A section identical with that shown in Fig. 
2 was heated quickly to 1800 F, held for 15 min, and then air- 
cooled. This normalizing treatment gave the structure shown in 
Fig. 3. The relatively few carbide grains adjacent to the weld as 
compared with the amount of carbide present at locations away 
from the weld, is evidence that the carbide band at the fusion 
zone in Fig. 2 was composed chiefly of carbide that had migrated 
from the adjacent heat-affected area. 

It should be noted, in Fig. 2, that recrystallization had not oc- 
curred in the carbon-depleted heat-affected area adjacent to the 
weld as has been observed in the case of low-carbon steel welded 
with austenitic filler metal and exposed to high-temperature 
service. An example of such recrystallization was found in the 
sample described in the following paragraph: 

This sample consisted of a 25/20 chromium-nickel weld be- 
tween calorized plain-carbon and carbon-molybdenum 3'/,-in. 
steel tubing. The joint from which it was cut had been in service 
as part of a steam supply line for a soot blower in the superheater 
section of a high-pressure steam generator. The piping had been 
in use for approximately 2 years at an average pipe temperature 
of 1200 F, which was the approximate normal gas temperature 
in that section of the boiler, with intermittent temperature varia- 
tions to 910 F when steam passed through the line, and to 1500- 
1600 F under high boiler ratings. Recrystallization had occurred 
in the heat-affected area of the plain-carbon steel, and the joint 
had cracked in that area as a result of the severe stresses placed 
on the piping during the intermittent passage of high-pressure 
steam. Recrystallization had not occurred in the heat-affected 
area of the carbon-molybdenum tube. 

A macrograph of a sample from this joint is shown in Fig. 4, 
in which can be seen the recrystallized area and the broad car- 
bide bands at the fusion zones of the joint. The carbide band is 
shown in greater detail in Fig. 5. There was no graphite in the 
heat-affected areas, probably because most of the carbon formerly 
in those areas had migrated to the weld metal, under the in- 


3 Private communication. 


Fig. Heat-ArrecTep AREA OF 18/8 Cr-N1 WELD tn C-Mo PIPE 
SHow1na CaRBIDE Banp at Fusion Zone AFTER 20,000 Hr or 
Service at 925 F; X100 


fluence of high-temperature serviee, and had united with the 
chromium to become chromium carbide. 

The examination of the two joints showed clearly that austen- 
itic weld metal of both 18/8 and 25/20 type, would absorb carbon 
from the adjacent heat-affected area during exposure to high tem- 
peratures and provided further evidence in support of the theory 
that the use of such electrode material would minimize graphitiza- 
tion troubles in welded joints in carbon-molybdenum pipe. 
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Fic. Same Section as Fic. 2 Excerpt NorMALIZED AT 1800 F 


(Note decrease in carbide content of pipe metal structure adjacent to the 
weld; 100.) 


PRELIMINARY INVESTIGATION 


The second phase of the study was a short-time test under con- 
trolled laboratory conditions to check this observed carbide- 
absorption tendency of austenitic weld metal and the resulting 
carbide depletion of the pipe metal. For this purpose a butt- 
welded sample was made of low-aluminum coarse-grained (A.S. 
T.M. Designation A-206) carbon-molybdenum pipe, using 18/8 
chromium-nickel electrodes. The sample was not stress-relieved 


1 


Carbide bands 
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Fic. 4. Sree, Tusinc WELDED WITH 25/20 Cr-N1 ELECTRODE AND 
SHow1neG CarBipE Banps aT Fusion Zones AFTER H1GH-TEMPERA- 
TURE SERVICE 


(Note recrystallization in carbon-steel tube at right, and absence of recrystal- 
lization in carbon-molybdenum tube at left; approximately X 2.) 


25-20 Cr-Ni filler metal 


Carbide band 


Fic. 5 Fusion Zong 1n Low-CarBon STEEL Tusine, WELDED 
Wits 25/20 Cr-Ni Euecrrope; AFTER HiGH-TEMPERATURE 
Service; X100 


after welding but was heated at 1000 F for 700 hr in an attempt to 
promote graphitization, and then examined microscopically. 
The heat-affected area and fusion zone of this weld are shown 
“‘as-welded” in Fig. 6 and after test exposure, in Fig. 7. Sections 
identical with those shown in Figs. 6 and 7 were then normalized 
by heating quickly to 1800 F, holding at temperature for 15 min, 
and air-cooling. The structures resulting from this treatment 
are shown in Figs. 8 and 9. 

The carbide-absorption tendency of austenitic chromium- 
nickel filler metal at high temperature is demonstrated by the 
carbide band at the fusion zone in Fig. 7, and by the depletion of 
carbide in the adjacent pipe metal in Fig. 9. The difference in 
structure between Figs. 8 and 9 shows clearly the depletion of 
carbide in the carbon-molybdenum pipe metal as a result of car- 
bon migration to the weld metal at high temperature. With this 
confirmation of the results observed in the joints from service 
and the theory postulated as a result, a more detailed investiga- 
tion was believed to be justified. 


DETAILED INVESTIGATION 


The study up to this point had shown unmistakably the car- 
bide-absorption tendency of austenitic chromium-nickel filler 
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Filler metal 


Pipe metal 


Fic. 6 As-WELDED 


Filler metal 


Fic. 7 AFTER 700 Hr at 1000 F 


(Note carbides at fusion zone.) 


e* Pipe metal 


Fig. 8 As-WeLpED, Fottowep BY NoRMALIZING AT 1800 F 
Filler metal 
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Fig. 9 ArrerR 700 Hr at 1000 F Fottowep By NORMALIZING AT 
1800 F 


(Note carbide depletion in pipe-metal structure.) 


FIGS. 6-9 CARBIDE ABSORPTION BY AUSTENITIC (18/8) CR-NI FILLER METAL 


(Pipe material, low-aluminum carbon-molybdenum steel; 


metal and the resulting carbide depletion of adjacent carbon- 
molybdenum pipe. It was desirable, however, to extend the in- 
vestigation to include the study, under controlled conditions, of 
the relative carbide-absorption tendency of 18/8 and 25/20 
chromium-nickel filler metal and of the relative graphitization 
tendencies of both fine-grained high-aluminum, and coarse- 
grained low-aluminum carbon-molybdenum steel when welded 
with both types of austenitic electrode. The first part of this 
additional study was considered advisable because of the greater 
structural stability and lower coefficient of expansion of 25/20 


100.) 


austenitic filler metal, as compared with 18/8, and the second 
part because the amount of aluminum used in the manufacture 
of the steel may be an important factor in graphitization (8). 

Description of Material. The welded samples prepared for this 
detailed examination included three different materials as follows: 

1 High-aluminum fine-grained carbon-molybdenum _ pipe 
niaterial; A.S.T.M. Designation A-158 (new material). 

2 Low-aluminum coarse-grained carbon-molybdenum pipe 
material; A.S.T.M. Designation A-206 (new material). 

3 High-aluminum carbon-molybdenum pipe material from 
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the Springdale plant. This sample contained a portion of a 
seriously graphitized pipe joint. 


The first two materials corresponded to pipe material in service 
as high-temperature steam piping in The Detroit Edison Com- 
pany. The Springdale sample was of the fine-grained high- 
aluminum type corresponding to A.S.T.M. Designation A-158, 
and the pipe ends had been heated and upset prior to the original 
welding. The weld and the graphitized heat-affected area were 
cut out by sawing and the two remaining pipe sections, each ap- 
proximately 1 ft long, were heat-treated to redissolve the scat- 
tered graphite in the pipe metal and to establish a coarse grain 
structure in one piece and a fine grain structure in the other. For 
this purpose one section was heated at 1750 F for 1/2 hr and air- 
cooled, and the other was heated at 2250 F for 1 hr and air-cooled. 

For the detailed investigation, four butt-welded test specimens 
were made up as indicated in Table 1. 


TABLE 1 BUTT-WELDED TEST SPECIMENS 


Sample reat Type of 
no. Description of samples electrode used 
1 High-aluminum pipe, welded to low-alumi- 18 chromium- 


num pipe (new material) 
High-aluminum pipe, welded to low-alumi- 
num pipe (new material) 


8 nickel 
2 
3 High-aluminum pipe; fine-grained, welded 


25 chromium- 
20 nickel 

Carbon- 
molybdenum 

25 chromium- 
20 nickel 


to coarse-grained (Springdale sample) 
High-aluminum pipe; fine-grained, welded 
to coarse-grained (Springdale sample) 


The samples were not stress-relieved but were subjected to 
prolonged heating as shown in Table 2, in an attempt to promote 
graphitization. The electrically heated furnace used for this 
work was closed by means of a double door and was opened only 
a few times during the test. The outer door was sealed with as- 
bestos, thus preventing free circulatjon of air over the samples 
which were fully exposed to the atmosphere within the furnace. 

TABLE 2 HEATING SCHEDULE FOR TEST SAMPLES 


Heating time, 


Sample At 1000 At 1066 At 1160 

no. + 1OF + 10F + 10F Total 
1 and 2 1390 2308 62 3760 
3 and 4 1390 1390 20 2800 


Tensile tests were made of specimens from samples 1 and 2, 
both as-welded and after heating, and specimens were prepared 
for metallographic examination. The other samples, 3 and 4, 
received only a metallographic examination. 

Results of Tests. The results of the tensile tests made on sam- 


TABLE 3_ RESULTS TENSILE TESTS?* AT 70 F OF CARBON- 
MOLYBDENUM PIPE WELDED WITH AUSTENITIC CHROMIUM- 
NICKEL E ELECTRODES 


Elonga- Reduc- 
Tensile tion, tion of 


Sample strength, percent area, 
no. Description psi in 2in. per cent Comment 
1 High- welded 
to low-Al pipe with 
18/8 Cr-Ni_ elec- 
trode 
(a) as-welded 62120 21.1 68.9 b 
62480 20.3 67.8 6 
(b) after 3760 hr 
of test at 1000- 
1160 F 59190 22.7 72.2 b 
58850 21.9 69.7 b 
High- Rive welded 
to low e with 
25/20 Cre i elec- 
trode 
(a) as welded 61400 18.0 68.9 b 
60640 18.0 69.9 b 


(>) after 3760 hr 
of test at 1000- 
1160 F 59700 21.9 70.: 

58550 Detect 

weld; failed 
at fusion 
zone 


te 


standard 0.505-in-diam specimens. 
> Failed in pipe metal outsitle of weld- heat-affected area. 


ples 1 and 2 are given in Table 3. With the exception of one speci- 
men, the failures all occurred in the pipe metal outside of the 
heat-affected area. 

The results of the metallographic examination of the new high- 
and low-aluminum material after test heating are shown in Figs. 
10 to 13, inclusive. 

The broad carbide band shown in both Figs. 10 and 12 as 
compared with the narrow band in Figs. 11 and 13 indicates that 
the 18/8 chromium-nickel filler metal had a greater affinity for 
carbon than the 25/20 chromium-nickel filler metal. In the case 
of the 18/8 weld there is some indication also that more carbide 
was absorbed from the low-aluminum carbon-mclybdenum pipe, 
Fig. 10, than from the high-aluminum pipe, Fig. 12. This dif- 
ference, however, is not indicated by the samples welded with 
25/20 chromium-nickel filler metal, Figs. 11 and 13. 

In another investigation samples from the same high- and 
low-aluminum-content carbon-molybdenum pipe materials were 
studied for graphitization after welding with carbon-molybdenum 
electrodes. Both materials showed graphite concentration in the 
critical zone at the edge of the heat-affected area at the con- 
clusion of a test of 3300-hr duration at a temperature of 1000 to 
1060 F; the complete results of that test are given in a com- 
panion paper (9). 

The structures of the Springdale pipe material, samples 3 and 
4, initially and as-welded, are shown in Figs. 14 to 21, inclusive. 

The fine grain structure resulting from the 1750 F normalizing 
treatment of the Springdale pipe is shown in Fig. 14(a). The 
typical structure resulting from welding of this sample with car- 
bon-molybdenum filler metal is shown in Fig. 14(6), and that 
from welding with 25/20 chromium-nickel filler metal is shown 
in Fig. 14(c). 

The coarse grain structure obtained in this pipe material as a 
result of the 2250 F normalizing treatment is shown in Fig. 15(a). 
This treatment was intended to reproduce the structure that 
might result from heating, for the purpose of “upsetting” the 
pipe end. The typical condition of the fusion zone and the heat- 
affected area after welding the coarse-grained sample with 
carbon-molybdenum filler metal is shown in Fig. 15(6), and after 
welding with 25/20 chromium-nickel filler metal in Fig. 15(c). 

As shown by these figures the grain structure resulting from 
welding was nearly the same irrespective of prior grain size. 
However, prior grain size and structure may be of considerable 
significance with respect to susceptibility to graphitization, par- 
ticularly in the zone at the extremity of the heat-affected area. 
This was pointed out by Emerson (10), who reported that the 
graphitization that occurs in fine-grained pearlitic structures is 
usually of the nodular type, whereas the graphitization that oc- 
curs in coarse-grained Widmanstiitten structures is usually of the 
“chain” type. 

While no distinct “chain” graphitization was developed during 
the course of the investigation discussed herein, the results ob- 
tained substantiate Emerson’s findings respecting the general 
type of graphitization to be expected from both fine- and coarse- 
grained structures as shown in Figs. 16 and 18. The initial 
structure of the sample represented in Fig. 16 was fine-grained 
pearlite and the weld was carbon-molybdenum filler metal. The 
photomicrograph shows nodular and unconnected graphite 
somewhat concentrated in the zone at the extremity of the heat- 
affected area after 2800 hr of test exposure. At the other side of 
the weld was a pipe section having a coarse-grained Widman- 
stiitten structure. In 2800 hr of test a distinct tendency to form 
“chain” graphite at the extremity of the heat-affected area was 
shown. See Fig. 18. 

The ability of austenitic chromium-nickel filler metal to pre- 
vent such concentration of graphite in the critical zone at the ex- 
tremity of the heat-affected area is shown by comparing Figs. 17 
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Fig. 10 Low-Auuminum C-Mo Pire With 18/8 Cr-Nr- Fig. 11. Low-Atuminum C-Mo Wenpep 25 Cr-N1 


Fie. 12 C-Mo Pire 18/8 Cr-N1- Fic. 13 C-Mo Piee Weupep 25/20 Cr-N1 
FIGS. 10-13 CARBIDE ABSORPTION BY AUSTENITIC CR-NI FILLER METAL DURING 3760 HR ar 1000-1160 F; 100 
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FINE-GRAINED MATERIAL 


Fic. 14(a) Fine-Gratnep; Heatep 1'/: Hr atv 1750 F, Air 
CooLepD 


Fig. 14(6) Fuston Zone; As-Weipep Wits C-Mo ELecrrope 


Filler metal 


Fie, 14(c) Fusion Zone; As-Wetpep WITH 25/20 ELEcTRODE 


COARSE-GRAINED MATERIAL 


Fic. 15(a) Coarse-Gratinep; HeatTep 1 Hr at 2250 F, Arr- 


CooLeD 
Bn 
‘ 


Fig. 15(b) Fuston Zone; As-Wetpep C-Mo ELectrope 


Py 


Filler metal 


Fig. 15(c) Fusion Zone; As-WeELDED WiTH 25/20 ELEcTRODE 


FIGS. 14AND 15 INITIAL STRUCTURE AND “AS-WELDED” STRUCTURE OF TEST-WELD SAMPLES OF SPRINGDALE 
PIPE; X100 
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Fig. 16 Fine-GRAINED SPRINGDALE PipE WELDED 
C-Mo E.ectrrope, SHOWING GRAPHITE CONCENTRATION IN 
“Critica” ZONE AFTER 2800 Hr or Test; X100 


4 
ome 
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Fic. 18 Coarse-GRAINED SPRINGDALE PipE MATERIAL WELDED 
With C-Mo ELectrropE, SHOWING GRAPHITE CONCENTRATION IN 
“CriticaL”’ Zone AFTER 2800 Hr or Test; X100 


and 19 with Figs. 16 and 18, respectively. A considerable amount 
of distributed nodular graphite was found in the sample shown in 
Fig. 17. It should be noted, however, that while there are some 
graphite nodules in the heat-affected area, there is no concen- 
tration of graphite in the critical zone as there is in Fig. 16. Ap- 
parently the carbide-absorption tendency of the austenitic filler 
metal prevented the concentration of graphite in the critical zone. 

This is also demonstrated in Fig. 19, in which there is no graph- 
jte in the heat-affected area or critical zone of the weld made in 
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Unaffected | 
_ Pipe metal * Affected zone 


Fig. 17. Fine-Grainep SPRINGDALE MatTerRiaL WELDED 
25/20 Cr-N1 ELecrrope, SHOwING SCATTERED GRAPHITE 
Arter 2800 Hr or Test; X100 


Pipe metal - ‘Affected zone 
& 


Fic. 19 Coarse-GRAINED SPRINGDALE WELDED 
Wiru 25/20 Cr-N1 ELectTrRopE 
(Note absence of graphite in “‘critical’’ zone after 2800 hr of test; 100.) 


coarse-grained material using austenitic filler metal. Although 
the “critical” grain-boundary type of transformation which ap- 
pears to be a requisite for the serious “chain” type of graphitiza- 
tion (10, 11) was present, study of the type of graphitization 
shown in Fig. 18 and absence of graphitization in the area shown 
in Fig. 19 afford evidence of the ability of austenitic chromium- 
nickel filler metal to prevent the formation of the ‘‘chain’’ type 
of graphitization during high-temperature service. Figs. 20 and 
21 show, at higher magnification, the typical form of graphite 
shown in Figs. 16 and 18. 
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ConcLupING COMMENT 


This study has shown that austenitic chromium-nickel filler 
metal readily absorbs carbon and that this characteristic results 
in the removal of carbon from the heat-affected area of the pipe 
metal. Further, it is strongly indicated that such filler metal will 
inhibit the formation of dangerous “chain”? type graphitization 
in the critical zone during high-temperature service. 

Although 18/8 chromium-nickel filler metal absorbed carbon 
more readily than did 25/20 chromium-nickel filler metal, the 
carbide-absorption tendency of the 25/20 alloy was sufficient to 
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Fig. 20 Typtcat GRAPHITE IN “CrITICAL’’ ZONE OF FINE-GRAINED 
SPRINGDALE WELDED With C-Mo 2800 Hr 
or Test; X 1000 


Fic. 21. Typrcan GrapHITe IN “Critical” ZONE OF COARSE- 
Gratnep SPRINGDALE Pipe WELDED WitH C-Mo ELECTRODE AFTER 
2800 Hr or Test; X1000 


prevent the formation of “chain” graphitization. Moreover, 
because of its greater structural stability and lower coefficient of 
thermal expansion, the 25/20 alloy is more suitable for general use. 

In the case of austenitic welds in carbon-molybdenum steel 
pipe, the absorption of carbides by the filler metal and the carbon 
depletion of the pipe metal have no adverse effect on the notch 
toughness or tensile properties of the joint. Examination of such 
a weld after 20,000 hr of service at 925 F indicated that no trouble 
would arise as a result of the 25 per cent difference in coefficient 
of thermal expansion of the 18/8 chromium-nickel filler metal and 
the carbon-molybdenum steel pipe. However, in case it is pre- 
ferred not to violate usual design requirements, the results 
of foreign investigations (2, 3) have indicated that, through modi- 
fication of the chemical composition, the coefficient of thermal ex- 
pansion of 25/20 chromium-nickel filler metal can be made ap- 
proximately equal to that of ordinary pearlitic boiler steels. It 
is probable that the creep resistance of the heat-affected area ad- 
jacent to an austenitic weld in carbon-molybdenum pipe may be 
reduced owing to carbon depletion. However, the high creep 
resistance of austenitic filler metal would compensate for this. 

Aside from the ability of austentic chromium-nickel filler metal 
to inhibit the formation of the “chain” type of graphite adjacent 
to welds in carbon-molybdenum pipe, as demonstrated by these 
tests, such welds have good strength, ductility, notch toughness, 
and creep strength, and require no heat-treatment after welding 
(2, 3, 6). These factors suggest the use of austenitic chromium- 
nickel welding as a possible procedure for the welding of joints 
in carbon-molybdenum steel pipe that, in high-temperature serv- 
ice, may be susceptible to graphitization. In particular, this 
welding procedure may be adaptable to the rewelding of joints 
at which serious graphitization has occurred in service. 


BIBLIOGRAPHY 


1 Pamphlet on “Graphitization of Steel Piping,’’ published 
April, 1944, by THe American Society OF MECHANICAL ENGINEERS, 
29 West 39th Street, New York 18, N. Y. 

2 “The Krupp Special Weld: German Patent 567094,”’ by E. 
Beckmann, Technische Mitteilungen Krupp, vol. 3, August, 1935, 
pp. 137-142. 

3 “The Development of Austenitic Welding,” by K. Kautz, 
Technische Mitteilungen Krupp, vol. 3, August, 1935, pp. 143-173. 

4 “Can Welded Seams of More Noble Materials Reduce the 
Life of Boiler Plate?’’ by C. Carius, Technische Mitteilungen Krupp, 
vol. 3, August, 1935, pp. 173-175. 

5 “Transition Structures in Fusion Welding With Austenitic 
Addition Materials,”” by F. Rapatz and W. Hummitzsch, Archiv. 
fiir das Eisenhuttenwesen, vol. 8, 1935, pp. 555-556. 

6 ‘The Book of Stainless Steels,” by E. E. Thum, American 
Society for Metals, Cleveland, Ohio, 1935. 

7 ‘Welded Alloy Steel Vessel for High-Temperature Service, 
by J. Schuyten, National Petroleum News, vol. 35, September 1, 1943, 
pp. R-406 and R-408-R-409. 

8 “Factors Controlling Graphitization of Carbon Steels at Sub- 
critical Temperatures,’’ by C. R. Austin and M. C. Fetzer, American 
Society for Metals, preprint no. 42, 1944. 

9 “Investigation of Graphitization at Detroit,’’ by R. M. Van 
Duzer, Jr., I. A. Rohrig, and Arthur McCutchan. See pp. 57-63 
of this pamphlet. 

10 “Carbide Instability of Carbon-Molybdenum Steel Piping,”’ 
by R. W. Emerson, A.S.M.E. “‘Graphitization of Steel Piping,’’ pp. 
5-15 (see reference no. 1). 

11 ‘A Possible Means of Avoiding Local Graphitization of Steels 
in Service at Elevated Temperatures,’’ by G. V. Smith and R. F. 
Miller. A.S.M.E. “‘Graphitization of Steel Piping,”’ pp. 17-18 (see 
reference no. 1). 


Discussion 


F. E. Foster.‘ Has the author considered the effect that ab- 
sorbed carbide may have upon the austenitic weld metal? From 


‘ Metallurgical Engineer, Grinnell Company, Providence, R. I. 
Mem. A.S.M.E. 
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what we now know of the diffusion of solids at high temperatures, 
there seems to be little doubt but what chromium-nickel austen- 
itic steel deposited as weld metal will tend to absorb carbon over 
a period of time from any carbide concentration which has taken 
place in the heat-affected zone of welded carbon-molybdenum 
steel. It is possible, however, that the use of this reaction 
might result in alleviating one undesirable condition by substi- 
tuting another. 

It is now the general practice to keep the carbon content of 
chromium-nickel austenitic steels as low as commercially possible 
so as to avoid the intergranular embrittlement that has been 
known to occur as a result of carbide precipitation. When these 
steels are intended for service temperatures in the order of 900- 
1300 F, additions of various elements have been necessary to 
stabilize the microstructure even when the carbon content has 
been kept at a low level. Columbium has been the most success- 
ful stabilizer used so far, but even here it has been necessary to 
add 6 to 10 parts of columbium for every part of carbon in order 
to attain’a stabilizing effect. Experience has shown that this 
balance must be maintained if the structure is to be held stable 
over a range of temperatures. Equilibrium conditions become 
increasingly complicated by the presence of carbides as such, or 
in solid solution. At the present time a little better than 1 per 
cent of columbium is the most that can be expected in filler metal 
deposited by commercial welding methods and this may be too 
small a quantity to balance properly the indefinite amount of 
carbon in the graphitized areas under discussion. 

The results of the physical tests made by the author appear 
encouraging but it should be borne in mind that short- 
time room-temperature tests of steels which are to be sub- 
jected to long-time high-temperature service can be very decep- 
tive. If the mechanism of preventing the formation of graphite 
in welded carbon-molybdenum steel joints, as described by the 
author, depends upon the diffusion of carbides to the interface of 
the deposited chrome-nickel filler metal, and their absorption by 
the austenite, it would appear that there is a good possibility of 
intergranular embrittlement occurring in the weld metal when it 
is subjected to service temperatures in the order of 900 F over a 
long period of time. 


A. B. Kinze..5 The author is to be complimented on a re- 
search well conceived and ably carried out. That the use of the 
austenitic filler rod does absorb carbon and tends to prevent a 
formation of chain graphite, is well demonstrated. However, 
Fig. 17 in itself is sufficient to show that the degree of inhibition 
produced by the carbon absorption is insufficient to afford posi- 
tive assurance that difficulty in long-time service will not occur. 
Moreover, the basic problem involves the behavior of the pipe 
proper and under certain conditions of heat-treatment it might 
well be that the graphitization in question would occur still 
further from the weld. 

As a matter of practical engineering, it would appear that the 
sound solution is to use a steel not subject to the phenomenon 
in question. By having chromium present with the molybdenum 
in the steel of the pipe, graphitization will be entirely eliminated. 
There is considerable discussion as to the minimum amount of 
chromium necessary to so function but it is generally agreed that 
0.75 per cent is sufficient, and that somewhat less may serve the 
purpose. Such steel may present a slightly more difficult welding 
problem but not more so than can be readily handled. 


Henry J. Ropar. In the course of our study of graphitiza- 
tion, we too investigated the use of austenitic Cr-Ni welding rod, 


5 Vice-President, Electro Metallurgical Company, New York, N. Y. 
¢ Electric Department, Testing Laboratory, Public Service Electric 
& Gas Company, Maplewood, N. J. 


and while our investigation has not been as comprehensive as the 
author’s, we have obtained some test data which indicate that 
further research is necessary. 

A specimen of fine-grained high-aluminum carbon-molybdenum 
steel containing a single-bead weld of 25 per cent chromium 
20 per cent nickel on its surface—was subjected to a temperature 
of 1000 F for 1000 hr. The specimen used was a weld-probe sam- 
ple that had been cut from a 12.75-in-OD by 1.312-in. pipe. The 
pipe was in the as-rolled, 1200 F, stress-relieved condition. The 
pipe steel had been killed with 1.8 lb per ton of aluminum and 
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Fig. 22(b) 500 


Fig. 22 Grapuire Ac; Recion orfC-Mo Pipe Mareriat 
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Fig. 23° Srrucrure From Wetp to Ac; Zone or Heat- 
Arrectep AREA IN C-Mo Pipe Meta. A SINGLE-BEAD 
18/8 Cr-N1 ELectrope 


contained 0.0283 per cent of metallic aluminum. The single- 
bead weld was deposited at right angles to the long axis of the 
probe specimen. No preheat was used in welding. One half*of 
the welded specimen was given a stress relief of 1200 F for '/. hr 
before the 1000-hr exposure. At the end of the 1000-hr exposure 
both specimens showed graphite in the Ac; region of the heat- 
affected area. Graphite was of the nodular type. Fig. 22 of this 
discussion shows the extent of the graphitization of the specimen 
having no stress-relieving heat-treatment. The specimens also 
showed a band of carbide concentration in the weld metal at 
the fusion line and a carbon-depleted zone in the adjacent pipe 
metal. Fig. 23 shows the structure, at X100, from the weld 
metal to the Ac; zone of the heat-affected area. Note that the 
carbon depletion does not extend to the Ac; zone. 

The fact that graphitization occurred around the single-bead 
weld irrespective of carbon depletion would indicate that in a 
multipass weld the parent metal under the cover bead at least 
would not be immune to graphitization by the use of the 25/20 
chromium-nickel welding rod. 

The photomicrographs shown in the paper do not indicate 
noticeable carbide depletion in the Ac, region of the heat-affected 
zone of the welds made with austenitic welding rods. Is it not 
then possible that the absence of graphitization is due not to car- 
bide depletion but to some unknown carbide stabilizing effect? 
Again, if the carbide has not been stabilized it is possible that 
with further exposure to the test conditions this carbide would 
eventually graphitize. 


AUTHOR’s CLOSURE 


The author wishes to thank those who have commented on the 
suggestion of austenitic welding as a means of preventing the 
formation of dangerous chain-type graphitization. Although 
austenitic welding has found rather wide use in the chemical 
and petroleum industries, it has received only limited use in 
steam-power plants, in which type of service it may have a num- 
ber of practical uses. 

With respect to Mr. Foster’s question concerning the effect of 
absorbed carbide on the properties of austenitic weld metal, 
the author wishes to state that the effect has been considered. 
The carbide embrittlement of austenitic chromium-nickel steels 
is well known. That malady, however, appears to prevail 
principally in the wrought alloys whefe it can occur most readily 
because of the characteristic equiaxed grain structure. There 
appears to be very little evidence in the literature concerning 
carbide embrittlement in cast austenitic chromium-nickel alloys 
and this would include welds. An explanation of this may be 
that the heterogeneous grain structure of welds does not lend 
itself to the pronounced embrittling effect that may occur in 
wrought materials having an equiaxed structure. 

As mentioned in the early part of the paper, the author’s in- 
vestigation was based upon a study of an austenitic 18 chromium- 
8 nickel weld that had been made in a 5'/; in. steam line carrying 
steam at 925 F + 25 F and 380 psi. The welded joint referred 
to had been in service for approximately 20,000 hr during which 
time the piping had been cooled to room temperature 42 times. 
A macrograph of a section through the joint is shown as Fig. | 
in the paper. Notched-bar tests were made on specimens 
machined from the joint and the results are given in Table 4. 

The results given in Table 4 show that the absorption of carbides 
by the austentic filler metal and carbon depletion of the pipe 
metal had no adverse effect on the notch toughness of the joint. 
Similar results have been reported by others.?. Furthermore, it 
should be pointed out that since the weld had been in actual serv- 
ice, it should be free of the limitations generslly placed on labo- 


7 See References 2, 3, and 5 of the original Bibliography. 
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TABLE 4 NOTCH-TOUGHNESS AT 70 F OF AN AUSTENITIC 
WELDED JOINT AFTER “eee 20,000 HOURS AT 


Charpy V-notch 
toughness, ft per lb? 
Location of notch in specimens “Test values Avg : 
(a) In18/8Cr-Ni welded metal, at center of weld 60 
70 
78 69.3 
(b) At junction between filler metal and C-Mo 
pipe metal 110 
105 
190 135 
(c) C-Mo pipe metal unaffected by welding 110 
180 145 


@ Specimens were 0.394 in. wide by 0.334 in. thick. Depth of metal 
below notch was 0.315 in,—the same as in a standard 0.394-in, square speci- 
men. 


ratory test samples. The inclusion of columbium as a stabilizer, 
as suggested by Mr. Foster, has been considered and would be 
beneficial. The use of 25 chromium-20 nickel alloy rather than 18 
chromium-8 nickel material would further improve such welds 
for the reason that 25-20 is more stable and has a lower coefficient 
of expansion. 

Mr. Kinzel’s comment that Fig. 17 shows, in itself, “that the 
degree of inhibition produced by the carbon absorption is insuf- 
ficient to afford positive assurance that difficulty in long-time 
service will not occur” is well taken. However, the same speci- 
men as shown by Fig. 17 after 2800 hr has been re-examined 
after a total of 6600 hr of test heating at 1000-1160 F and the 
structure was found to be substantially the same, i.e., scattered 
graphite nodules were observed in the heat-affected area as well 
as throughout the pipe metal unaffected by the heat of welding. 
There was no evidence of graphite segregation in the “critical’’ 
area. The same type of pipe material welded with carbon- 
molybdenum filler metal, which is shown in Fig. 16 at the end of 
2800 hr, revealed an increased amount of graphite segrega- 
tion in the “critical” area after an additional 3800 hours of test 
heating. This second examination of the samples showed the 
continued efficacy of the austenitic filler metal in preventing 
graphite segregation in the “critical” area. 

It is agreed that the basic problem involves the behavior of 
the pipe, as stated by Mr. Kinzel, and it is understood that steps 
are being taken to revise the A.S.T.M. specification to provide 
for a chromium-molybdenum high-temperature pipe material 


believed to be resistant to graphitization. However, a great deal 
of carbon-molybdenum pipe that is susceptible to graphitization 
is still in use and it is for the purpose of possible rewelding of 
graphitized joints in such existing steam lines that austenitic 
welding might prove useful. 

Mr. Robar’s comment that graphitization had occurred in his 
austenitic welded sample is in agreement with our finding as 
shown by Fig. 17 in the paper. However, if Mr. Robar had con- 
tinued his test for several thousand hours and had then com- 
pared results with a similar sample welded with carbon-molyb- 
denum filler metal, he probably would have found no concentra- 
tion of graphite in the Ac, region of the austenitic welded sample 
as shown by comparing Figs. 16, 17, 18, and 19. 

Studies that have been made of the phenomenon of graphitiza- 
tion indicate that it is accompanied by a concentration of car- 
bon in the Ac; region. An explanation of such carbon concentra- 
tion is that the carbon probably migrated to the “sensitized” 
area. Our own studies of austenitic welding have definitely 
shown that if the carbon potential is reduced in the heat-affected 
area through absorption of carbon into the weld metal, graphite 
concentration does not occur in the Ac; region. This statement 
is based upon test results obtained from welded samples of 
Springdale and other pipe material reported on in the paper. 
After 6600 hours of test heating the structure of the samples was 
essentially the same as that shown by Figs. 16, 17, 18, and 19. 
The only difference was that in the areas shown by Figs. 16 and 18 
(welds made with C-Mo electrodes) the graphite nodules were 
larger and a greater concentration of graphite was evident in the 
Ac, region after the extended test heating. 

The occurrence of graphitization within the heat-affected 
area of the sample welded with austenitic filler metal, Fig. 17, 
is not unusual since it has been shown that the high-aluminum 
carbon-molybdenum steels readily produce dispersed graphite 
when in the fine-grained condition. Furthermore, in answer to 
Mr. Robar’s final question, it has not been suggested that aus- 
tenitic welding would prevent graphitization throughout a pipe 
section. Test results have demonstrated, however, that austen- 
itic chromium-nickel welding is an effective means of preventing 
harmful graphite segregation in the low-temperature region of 
the heat-affected area adjacent to welds in carbon-molybdenum 
steel pipe. 
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Graphitization of Carbon-Molybdenum Steel 
in High-Temperature Steam Piping 


By GEORGE A. TIMMONS,' DETROIT, MICH. 


Graphitization of carbon-molybdenum steel pipe in 
high-temperature steam installations is considered from 
the viewpoints of thermodynamic stability and rates of 
reaction. Cementite is not stable below 1490 F (809 C), 
but graphite is, so graphitization may be expected when- 
ever cementite is present in a steel placed in service at 
850 F-1000 F. Factors which accelerate graphite nucle- 
ation shorten the service life of a steel, and factors which 
retard graphite nucleation lengthen service life, but to 
date the only positive method of preventing graphitization 
is to exclude carbon from the steel. This is now commer- 
cially impractical. However, by restricting the carbon 
content to less than 0.06 per cent, the amount of graphite 
that can be formed may be so limited that it would be in- 
effective. It is proposed that iron-base alloys containing 
less than 0.06 per cent carbon and alloyed to provide ade- 
quate creep strength be given further consideration as 
materials for high-temperature steam piping. A complex 
carbide (Fe, Mo).;Cs, may be produced in a low-carbon 
0.50 per cent molybdenum steel by isothermal trans- 
formation of austenite at 1300 F. Some preliminary 
creep-test data for iron-base alloys containing 0.50 per 
cent molybdenum and less than 0.05 per cent carbon are 
presented. 


INTRODUCTION 


in the high-temperature steam installation of the West" 


in was responsible for a brittle failure 


Penn Power Company, at its Springdale Station, Pitts- 
burgh, Pa., in 1942. The failure occurred in a carbon-molyb- 
denum steel pipe within the heat-affected zone of a welded joint 
5'/2 years after installation; the reported operating temperature 
was 935 F. This failure has emphasized the fact that low-alloy 
steels have an inherent characteristic which, under certain cir- 
cumstances, impairs their utility in the temperature range 850- 
1000 F. In this temperature range the metastable cementite 
(habitually considered a stable phase) dissociates into graphite 
and ferrite. 

Graphite and ferrite are the stable phases for alloys of iron and 
carbon below 1330 F (Ae). At room temperature rates of ce- 
mentite dissociation are so slow that the equilibrium products 
are not formed in hundreds of years. At higher temperatures 
however, conditions are more favorable to the nucleation of 
graphite, and the reaction may go to completion in a finite pe- 
riod of time varying from a few hours to several years, depend- 
ing upon the intensity of certain factors. 

It is the purpose of this paper to discuss the factors concerned 
with graphitization of carbon-molybdenum steel at temperatures 
near 1000 F, and to consider the proposal that very low-carbon 


‘ Metallurgist, Climax Molybdenum Company. 

Contributed by the Joint A.S.T.M.-A.S.M.E. Research Commit- 
tee on Effect of Temperatures on Properties of Metals and presented 
at the Annual Meeting, New York, N. Y., Nov. 27—Dee. 1, 1944, of 
AMERICAN SocteTy OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


steels, suitably alloyed to provide adequate creep strength, be 
regarded as materials of construction for use at the higher tem- 
peratures employed by modern steam plants. 


Some GENERAL ASPECTS OF GRAPHITIZATION 


Graphitization is a process in which the metastable cementite 
(or Fe;C) dissociates into the stable phases graphite and iron. 
It has been proved by carefully conducted experiments with 
iron-carbon alloys that below 1490 F (809 C) graphite is a stable 
phase, and that cementite is not (1).2 Between 1330 F (721 C) 
and 1490 F (809 C), the products of dissociation of cementite are 
graphite and austenite saturated with respect to carbon, and be- 
low 1330 F (721 C) the products are graphite and ferrite saturated 
with respect to carbon. Whenever cementite is present in a 
steel which is subjected to prolonged heating in the range 850- 
1000 F (454-538 C), graphitization may occur. Like other 
physical-chemical processes, graphitization depends upon nu- 
cleation and growth, so the amount of graphite formed in a given 
time is dependent upon the rate of formation of nuclei and the 
rate of growth of these nuclei. In the process of graphitization, 
the more important rate is probably that of nucleation. Ther- 
mal treatments or alloying elements which affect the rate of nu- 
cleation merely determine whether or not graphitization will oc- 
cur within the expected service life of an iron-carbon alloy. 
Factors influencing the rate of growth determine the total quan- 
tity of graphite produced and the size of nodules formed. 

It has been observed that graphite is generally nucleated at the 
ferrite-carbide interface. The greater the number of carbide 
particles the greater will be the probability of nucleating graphite. 
Steels with higher carbon contents therefore possess greater 
potentialities for graphitizing than steels of lower carbon con- 
tents. 

Austin and Fetzer (2, 3, 4) have shown that a number of factors 
accelerate graphitization in hypereutectoid iron-carbon alloys. 
These are as follows: 


1 The microstructure of a steel prior to long time heating at 
1240 F (671 C) was found to affect the rate of graphitization. 
When the microstructure was martensitic before reheating to 
1240 F, it was found that much more graphite was formed in a 
given length of time than when the microstructure consisted of 
pearlite or spheroidized carbides prior to reheating to the same 
temperature. 

2 Steels containing high residual aluminum contents (result- 
ing from final deoxidation) were found to graphitize more rapidly 
than steels deoxidized by other elements. 

3 The rate of dissociation of cementite was found to be a 
maximum at 1240 F. At lower temperatures the mobility of 
the atoms would be less so the probability of obtaining the de- 
sired arrangement of atoms necessary for nucleation of graphite 
would be lower. Reheating to 1320 F (716 C) appeared to de- 
crease the rate of nucleation and greatly retarded subsequent 
graphitization at 1240 F. 

4 The presence of tensile stresses in steels at elevated tem- 
peratures increases the rate of graphite nucleation. 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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5 The presence of an oxidizing atmosphere surrounding the 
alloy at temperatures favoring graphitization accelerates nu- 
cleation. 


GRAPHITIZATION OF CARBON-MOLYBDENUM STEEL IN THE SPRING- 
DALE PIPE 


In the Springdale installation of carbon-molybdenum steel 
pipe, graphitization occurred at the welds in the form of thin, 
curved plates. These plates were in the parent metal and were 
arranged on a surface whose contours were practically identical 
with those of the fusion zone. This surface was approximately 
1/s in. from the fusion zone at every point. Examination of 
these plates, at high magnifications, on planes through the axis of 
the original pipe, revealed them as chains of graphite nodules. 
Within narrow zones on either side of the curved chains were 
sharply reduced concentrations of dispersed nodules of graphite, 
and beyond these graphite was practically nonexistent. There 
was evidence that graphite had been nucleated in a narrow zone 
by some critical thermal treatment associated with the welding 
operation and that the nuclei had grown at the expense of ce- 
mentite particles in the immediate vicinity until adjacent nodules 
merged, forming the thin curved plates. It was the distribution 
of graphite in plates which formed a practically continuous sur- 
face through the metal, that resulted in the brittle failure of the 
pipe in the welded installation. 

Small quantities of widely dispersed graphite nodules were 

. found to be randomly distributed throughout the carbon-molyb- 
denum pipe where it had been unaffected by the welding opera- 
tion. Mechanical tests on sections of the pipe removed after 
51/2 years of service showed no reduction of ductility resulting 
from graphitization of this character. 

The maximum temperature attained in the graphitized zone 
by the welding operation is not known with certainty. However, 
on the weld side of the zone the presence of large areas of un- 
transformed ferrite and evidence of recrystallization in regions 
formerly consisting of the Widmanstitten structure, plus the 
presence of slightly spheroidized Widmanstitten structure on 
the other side, indicated that the temperature associated with 
the most rapid rates of graphite nucleation was only slightly 
above Ae; (1330 F). 

When a hypoeutectoid steel is heated to a temperature just 
above Ae, small austenite grains are formed which contain the 
eutectoid concentration of carbon in solution (i.e., about 0.80 per 
cent carbon). As the temperature rises these grains grow at the 
expense of adjacent ferrite grains and the carbon concentration 
of the austenite grains decreases. Austenite of eutectoid carbon 
concentration has a slower rate of transformation at subcritical 
temperatures than austenite containing either more or less car- 
bon. The austenite of the narrow zone raised to just above 
Ae, being the farthest from the source of heat at the weld, would 
cool faster than the austenite produced in any other zone during 
welding, and would have the maximum carbon content in solution. 
This austenite would transform at lower temperatures than any 
other austenite and with 0.50 per cent molybdenum present, it is 
probable that it would transform to martensite before reaching 
room temperature. 

The records of the Springdale installation show that after 
welding, each joint was stress-relieved at 1200 F (649 C). The 
records also indicate that the carbon-molybdenum steel was pro- 
duced by the basic open-hearth process and that it had been 
killed with 1.75 lb of aluminum per ton. The pipe was used in 
service where it sustained tensile stresses at a temperature of 
935 F (502 C). Thus the zone which had been raised to just 
above the Ae; temperature during the welding operation was 
subjected to at least five conditions known to accelerate nucle- 
ation of graphite, as follows: 


TRANSACTIONS OF THE A.S.M.E. 


1 Service at 935 F, in the temperature range conducive to 
graphitization. 

2 Formation of martensite, followed by: 

3 Reheating to 1200 F (only 40 deg F below the temperature 
at which the rate of dissociation is a maximum) (4). 

4 Residual aluminum in the steel. 

5 Tensile stresses at operating temperature. 

The narrow width of the zone containing high concentrations 
of graphite nodules indicates the extremely sensitive nature of 
the nucleation of graphite. Conditions 1, 3, 4, and 5 were ful- 
filled in all parts of the weld zone, yet only a negligible quantity 
of graphite was found in the pipe itself outside the heat-affected 
zone. The weld metal was subjected to conditions 1, 3, and 5, 
but no graphitization was found in the weld deposit. It thus 
appears that the formation of martensite or at least some low- 
temperature product of austenite decomposition is the major 
cause of the rapid rates of graphite nucleation and for the special 
deleterious distribution of the nodules. 

Since graphitization in the weld zone has been established as 
the cause of failure in the Springdale installation, metallurgists 
and power-plant engineers have been faced with the problem of 
how to prevent a recurrence of this difficulty in future installa- 
tions. Inasmuch as aluminum has been found to accelerate 
graphitization, restrictions have been placed upon the quantity 
of aluminum that may be used to kill heats of steel intended for 
high-temperature steam service. 

By virtue of its effect upon retarding the rate of graphitization 
in malleable iron, and because of its ability to increase the depth 
of chill in gray cast iron, chromium has earned the reputation 
of being a graphite “inhibitor.” Chromium steels spheroidize 
more slowly than most low-alloy steels, and it has been found 
that upon prolonged tempering above 1022 F (550 C) a carbide 
which contains chromium is formed (5). Carbon-molybdenum 
steel modified with additions of chromium, has been considered 
for new installations of high-temperature steam pipe because it is 
believed that chromium will reduce the tendency of the steel to 
graphitize in service. It should be pointed out that the ability 
of chromium to serve as a retarder of graphite nucleation has 
been most effective at temperatures above Ae; where the cemen- 
tite phase is in metastable equilibrium with gamma iron saturated 
with respect to carbon. Just how effective it will be at subcritical 
temperatures where cementite is in metastable equilibrium with 
ferrite remains to be proved by experiment. 

Since martensite formation in a narrow zone of the weld is ap- 
parently responsible for the deleterious distribution of graphite, 
one possible corrective heat-treatment is immediately suggested. 
This treatment consists in raising the preheat temperature for 
welding to 800-900 F (427-482 C) and holding the welded joint 
at this temperature for about 1 hr after welding has been com- 
pleted. Then the carbon-rich austenite formed in the zone 
raised to just above Ae; during welding will, upon cooling, trans- 
form at subcritical temperatures where the products formed are 
less sensitive to graphite nucleation than is martensite. 

Some alloying elements such as molybdenum and silicon, re- 
strict the gamma field in ferrous alloys. If the concentrations of 
these elements were increased to such an extent that the steels 
could not transform to austenite, the formation of martensite 
would be obviated and the most important factor contributing to 
the nucleation of graphite along a continuous surface would be 
eliminated. 

The specific contributions of molybdenum to the properties of 
iron-carbon-molybdenum alloys have been the subjects of inves- 
tigations conducted over a period of years at the laboratory of 
the author’s company. One recent investigation has been con- 

cerned with the partition of molybdenum between the ferrite and 
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carbide phases in pure, iron-rich, iron-carbon-molybdenum alloys 
(6, 7). Experiments were conducted with alloys which were 
melted, processed, and cast in vacuum. They contained the 
eutectoid carbon concentration and 0.25 to 1.00 per cent molyb- 
denum. It has been found that a eomplex iron-molybdenum 
sarbide may be developed in some of these alloys by suitable heat- 
treatment. This carbide conforms to the chemical formula 
(Fe,Mo)s;C. and crystallizes in a face-centered cubic lattice with 
116 atoms to the unit cell. It was the only carbide present in 
alloys containing 0.50-1.0 per cent molybdenum, austenitized 
at 1700 F (927 C), and isothermally transformed between 1300 
F and 1100 F (704 and 593 C). 

It was also discovered that when these same alloys were aus- 
tenitized at 1700 F, quenched in water, and tempered at 1300 F, 
appreciable amounts of molybdenum concentrated in the car- 
bides as time increased. After 150 hr some face-centered (Fe, 
Mo)2sCe had formed, but the orthorhombic Fe;C was predomi- 
nant. An additional 100 hr at 1300 F increased both the per- 
centage of (Fe,Mo) aC. and the concentration of molybdenum in 
the carbide phases. Other samples of the same alloys were 
water-quenched and tempered at 1100 F and 1200 F. These 
samples graphitized within 100 hr and the amount of graphitiza- 
tion decreased as the molybdenum content increased. 

The results of this investigation indicate that the addition of 
0.50 per cent or more molybdenum to an eutectoid iron-carbon 
alloy changes the nature of the carbide phase formed directly 
from austenite at temperatures between 1100 F and 1330 F. 
No graphite was found in any sample which also contained the 
complex (Fe,Mo):Ce. These observations suggest that the 
complex carbide dissociates more slowly than cementite even 
though it may not be a stable phase at these temperatures. The 
most convincing evidence that the complex carbide is a stable 
phase at 1300 F has been presented by Smith, Miller, and Tarr 
(10), who reported that the graphite in the Springdale pipe could 
be converted to a carbide at 1300 F. It is suggested that the 
graphite dissolved in ferrite and reprecipitated as (Fe, Mo)asCs. 

The relatively rapid graphitization at 1100 F and 1200 F for 
the pure iron-carbon-molybdenum alloys indicates that graphite 
is the stable phase for these alloys at temperatures below 1200 F. 
The fact that graphite persisted in the carbon-molybdenum pipe 
after 5'/, years at 935 F may be accepted as proof, with very 
little reservation, that graphite is the stable phase at this tem- 
perature. 

Sections of the carbon-molybdenum pipe after removal from 
service at the Springdale Station were examined by X-ray dif- 
fraction. The only carbide identified in the steel conformed to 
the crystallographic pattern of Fe;C. However, when other 
sections of the same pipe were austenitized at 1800 F, and iso- 
thermally transformed at 1300 F, the only carbide found was 
(Fe, Mo)osCe. 

The proof that the-complex carbide can be developed in ear- 
bon-molybdenum steels for elevated-temperature service sug- 
gests another method of retarding graphitization. This method, 
applied after welding in the usual manner, would entail heating 
the joint and sections on either side of it to 1200 F, followed by 
raising the temperature of the joint itself to 1500-1700 F (816- 
927 C). The austenitized portion would then be cooled to 1200 
F and held at that temperature sufficiently long to permit com- 
plete transformation at a temperature where the complex car- 
bide is a product of austenite decomposition. The same treat- 
ment might be applied to present installations showing indica- 
ions of incipient graphitization. At 1700 F graphite nuclei 
would be dissolved in austenite, and subsequent isothermal de- 
composition of this austenite at 1200 F would ensure the forma- 
tion of ,(Fe,Mo)ssCs instead of Fe;C. The utility of such a 
treatment will depend upon whether the complex carbide, once 
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formed at 1200-1300 F, will dissociate moré slowly at 935 F 
than the cementite phase. 

Simply tempering the welded joint for a few hours at 1200 F or 
1300 F will not develop the complex iron-molybdenum carbide; 
much longer times are required than would be considered prac- 
tical. 

Unless thermodynamic data are available, the only other evi- 
dence of the stability of a phase at a given temperature entails 
the maintenance of that phase at the given temperature for long 
periods of time. If there is dissociation in any length of time 
the phase is not stable; but failure to dissociate in 5 years must 
not be construed as evidence that the phase is stable or that it 
will remain undissociated for 20 years. To date no thermo- 
dynamic data have been obtained which will prove the stability 
of special complex carbides of iron and chromium, iron and 
molybdenum, or cementite in the presence of either chromium or 
molybdenum. Without benefit of such proof, the use of graphite 
retarders and the restriction of accelerators may be regarded 
only as compromises which cannot be evaluated except by time. 
Thus whenever the metastable cementite is present in a steam 
pipe which is placed in service at temperatures in the range 850- 
1050 F, graphitization may be expected. The restriction of 
aluminum for killing carbon-molybdenum steel and additions 
of chromium may be regarded as corrective measures, but it 
must be emphasized that such specifications do not guarantee 
freedom from graphitization. 


PropvertiEs OF Low-CarsBon, IRoN-BasE ALLoys at ELEVATED 
TEMPERATURES 


Fundamental aspects of graphitization in carbon-molybdenum 
steels between 850 and 1000 F have been considered; there re- 
mains the problem of producing a truly stable material. One 
logical approach to this problem would be to exclude the compo- 
nent responsible for graphitization or to restrict its concentration 
drastically. This component is carbon. A carbon-free, ferrous 
alloy cannot graphitize. It may not, however, be necessary to 
eliminate carbon completely. Under some _ circumstances 
graphite might be formed in steels containing up to 0.06 per cent 
‘arbon, but the amount would be small and the greater dispersion 
of nodules would render it comparatively ineffective. 

Carbon makes steel amenable to heat-treatment by which 
room-temperature hardness and strength may be increased. 
Steels with 0.20 per cent carbon may be heat-treated to develop 
room-temperature hardness and tensile strength appreciably 
greater than that which may be developed in a steel containing 
less than 0.06 per cent. The effect of carbon concentration on 
the properties of steel at elevated temperatures has not been 
definitely established, but White, Clark, and Wilson (8) reported 
that when the carbides were in the spheroidized condition, in- 
creasing carbon contents resulted in decreasing creep resistance 
at 800-1200 F. It is apparent that the aggregates of ferrite and 

arbide, responsible for higher room-temperature tensile strength 
in the higher carbon steels, lose so much of their superiority at 
temperatures where they spheroidize, that the benefits derived 
from higher carbon contents at room temperature may be lost 
at elevated temperatures. Reducing the carbon content of the 
conventional carbon-molybdenum steel from 0.18 to 0.06 per 
cent will result in a sacrifice of room-temperature tensile strength 
but there is evidence that creep resistance at 1000 F may not be 
affected appreciably. 

To obtain the best properties in a material it is expedient to 
have a knowledge of the underlying factors which affect its be- 
havior. For this reason an investigation has been started to de- 
termine how carbon and molybdenum affect the creep character- 
istics of iron-base alloys. At the present time the investigation 
is in its inital stages. Only a few data are available for the pres- 
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TABLE 1 HARDNESS AND CREEP-RESISTANCE DATA ON VACUUM-MELTED IRON-BASE ALLOYS 
Creep at 1000 F— 
Rate per 
Cc Mo Micro- Vickers pyramid hardness number 1000 hr, Extension, 
Alloy per cent per cent structure SOF 900 F 1000 F_ 1100 F Stress per cent in, Hours 
0.001 F 123 46 30 22 3500 0.002 
5000 0.16 
7500 0.0137 120 
| 0.51 F 98 73 59 47 7500 0.032 
10000 0.0034 860 
12500 0.0124 145 
0.019 0.51 F 166 107 94 71 100006 0.020 
VM-382 ee 3.03 F 127 94 75 65 
0.019 0.50 F+P 134 96 87 76 
0.029 0.50 F+P 127 96 86 67 
Springdale pipe>............ 0.17 0.53 F+W 133 103 84 70 
re 0.045 0.48 F+P 120 99 85 65 
° As forged. 


6 As removed from service. 


Nore: For “microstructure,’’ F = ferrite, P = pearlite, W = Widmanstitten. 


ent discussion but they are worthy of consideration. Further 
reports will be published as the program progresses. 

In order to study the effects of one component, it is necessary 
to eliminate other variables. To accomplish this in the proposed 
investigation, pure iron-carbon-molybdenum alloys were prepared 
by melting and casting in vacuum. The alloys were tested in 
the as-forged condition for hardness at 900, 1000, and 1100 F. 
Creep tests were conducted at 1000 F. 

Several years ago the laboratory of the author’s company 
undertook a project concerned with the properties of metals at 
elevated temperatures. To evaluate accurately hardnesses at 
high temperatures a machine was developed in which the speci- 
men, a diamond indenter, and a heating unit were enclosed in an 
evacuated chamber. The diamond indenter was ground to the 
Vickers specifications and was loaded from the outside by means 
of the standard Vickers hardness-testing machine with a total 
force of 10.52 kg. The diagonals of the square impression made 
in the surface of the specimen were measured by the standard 
microscope. Testing in vacuum prevented oxidation of the 
diamond, and the surface of the specimen on which the impres- 
sions were made. This facilitated accurate measurement of the 
impressions. 

Numerous tests have indicated that this so-called ‘“hot-hard- 
ness tester” is a valuable tool for comparing materials which 
will be subjected to stress at high temperatures. It has been 
found capable qualitatively of separating groups of various alloys 
according to elevated-temperature strength, and the trend es- 
tablished by tests in this machine agrees well with the quantita- 
tive measurements determined by creep tests. It thus serves as 
a tool for evaluating a material rapidly for high-temperature 
service by comparing its hot hardness at a given temperature 
with the hot hardness of materials whose creep rates at the same 
temperature are known. 

In Table 1 are presented data thus far obtained ona small 
group of vacuum-melted iron-base alloys containing very little 
carbon and increasing amounts of molybdenum. Comparing 
alloy VM-43, the molybdenum-free metal, with alloy VM-41 
containing 0.51 per cent molybdenum and a minimum of carbon, 
it is evident that molybdenum dissolved in ferrite increases the 
hardness and creep resistance of iron at 1000 F. Alloy VM-38 
containing 3 per cent molybdenum dissolved in ferrite, exhibits a 
greater hardness at 1000 F than VM-41. Creep tests on VM-38 
at 1000 F are under way at the present time. 

Alloy VM-29 possesses higher hardness at 1000 F than any of 
the other vacuum-melted alloys although it contains only 0.51 
per cent molybdenum and 0.019 per cent carbon. The exact 
cause of this unexpected behavior is not understood, but the data 
for this single alloy prove definitely that a 0.15-0.20 per cent car- 
bon is not necessary for adequate creep strength. 

At 1000 F, three of the low-carbon vacuum-melted heats con- 
taining 0.50 per cent molybdenum, were as hard as, or harder 


than, the section of the Springdale pipe. ‘Since the pure iron- 
base alloys compared so favorably in hot hardness with the car- 
bon-molybdenum pipe steel, it was deemed advisable to simulate 
commercial material by making one induction-furnace heat of 
low-carbon 0.50 per cent molybdenum steel under atmospheric 
pressure. In the ‘‘as-forged’’ condition this heat (No. 2709) had 
a hardness at 1000 F comparable with that of the vacuum-melted 
heats in the as-forged condition. Creep tests on a section of this 
heat are now in progress. 


DIscussIoN 


Since molybdenum dissolved in ferrite exerts an influence upon 
the creep resistance of a steel and its hardness at elevated tem- 
perature, it may be assumed that the amount of carbon dis- 
solved in ferrite will also affect creep resistance and hardness. 
It is possible that only the carbon dissolved in ferrite will affect 
the creep characteristics of a steel at 1000 F and higher tempera- 
tures; and that carbon in any other form has little or no effect. 
The maximum solubility of carbon in ferrite at 1000 F is proba- 
bly not over 0.015 per cent, so the effect of small changes of car- 
bon concentration below 0.015 per cent may be appreciable. 

When water-quenched samples of the pure iron-carbon-molyb- 
denum alloys (used for the investigation of partition) were sub- 
sequently tempered at 1300 F, it was found that as the time at 
temperature increased the amount of molybdenum concen- 
trated in the carbide phases also increased. Other experimental 
work conducted several years ago with commercial carbon- 
molybdenum steel (9) indicated the same phenomenon. The 
investigation by Crafts and Offenhauer (5) of carbides in molyb- 
denum and chromium-molybdenum steels, tempered at subcriti- 
cal temperatures above 1000 F, also shows that molybdenum seg- 
regates to the carbide phases. The diffusion of molybdenum 
to the carbides during prolonged tempering suggests another dis- 
advantage resulting from the presence of carbon in molybdenum 
steels for elevated-temperature service. The results thus far 
reported for the investigation concerned with creep reveal that 
molybdenum increases creep resistance, in part at least, through 
its solution in ferrite. Increasing molybdenum contents in 
the carbides result in decreasing the molybdenum dissolved in the 
ferrite; so it may be expected that increasing time at temperature 
will result in a loss of creep resistance of molybdenum steels con- 
taining more than 0.015 per cent carbon. Reduction of the 
total carbon content of a steel from 0.18 per cent to 0.06 per 
cent maximum would decrease by about three fourths the 
amount of molybdenum removed from the ferrite by diffusion to 
carbides. 

In the course of the investigation of the partition of molyb- 
denum between carbide and ferrite phases, it was found that the 
space lattice of ferrite varied as a function of the molybdenum 
content and thus made possible the determination of the molyb- 
denum dissolved in that phase by X-ray diffraction methods. 
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In water-quenched samples tempered at 1300 F, there was no 
detectable change in the lattice parameter of the orthorhombic 
cementite even though chemical analyses of the carbides and X- 
ray diffraction measurements of the ferrite indicated progres- 
sively increasing concentrations of molybdenum in the carbides 
with increasing time. Although information regarding the par- 
tition of molybdenum in the Springdale pipe after 5'/2 years at 
935 F would be valuable, it could not be obtained owing to the 
presence of silicon and manganese dissolved in ferrite which 
made impossible the determination of the quantity of molyb- 
denum in solution in this phase, and owing to the inability to de- 
termine the amount of molybdenum dissolved in cementite by X- 
ray diffraction methods. Chemical analyses of carbides as finely 
dispersed as those of the Springdale pipe are not accurate. 

In carbon-molybdenum steel, limiting the carbon to the value 
of its maximum solubility in ferrite at the operating temperature 
will serve two purposes, namely, (a) graphitization will be elimi- 
nated; (b) the concentration of molybdenum in the ferrite 
phase will remain constant. The structural stability*of the steel 
will be assured. Without the carbide phase graphitization will 
be impossible, regardless of the process by which the steel was 
made, the previous heat-treatment employed, or the presence of 
accelerators. It is recognized that a steel so low in carbon, 0.01- 
0.02 per cent is difficult to produce by present processes, but steels 
containing 0.03-0.06 per cent carbon can be made consistently. 
The compromise entailed in accepting carbon concentrations up 
to 0.06 per cent is not serious. Graphitization, if it did occur, 
would be negligible; and very little molybdenum would diffuse 
from the ferrite to the small amount of undissolved carbides 
available. 

Many tons of steel containing 0.06 per cent, or less, carbon have 
been produced for deep-drawing steel stock used in the manu- 
facture of automobile bodies. When heats are deoxidized with 
4-6 lb of aluminum per ton, the steels are sound, relatively free 
from nonmetallic inclusions, and easily handled in the steel mill. 
They are readily fabricated, machined, and welded. An addi- 
tion of 0.50 per cent molybdenum to steels of this type should 
not cause any complications in their manufacture. 

The data in Table 1 show that creep properties of the very 
low-carbon iron-molybdenum alloys are comparable to the creep 
properties now accepted for conventional carbon-molybdenum 
steel containing 0.15-0.20 per cent carbon. 

At the present time 0.15 per cent to 0.20 per cent carbon is 
usual in carbon-molybdenum steam pipe. Suitably heat-treated, 
this pipe will meet the minimum room-temperature tensile prop- 
erties specified by A.S.T.M. (A-206-42T). Whether or not car- 
bon in such concentrations contributes to creep resistance near 
1000 F has not been determined. However, since it has been 
shown that comparable creep properties may be obtained with 
far less carbon, and since it has been shown that when the steel 
is in the spheroidized condition increasing amounts of carbon 
decrease the creep strength, itis likely that carbon contributes 
little or nothing to creep properties after its concentration has 
exceeded a certain value. This value may be the limit of its 
solubility in alpha iron at operating temperatures. 

The behavior of a material at the operating temperature of an 
installation should be of greatest concern to the power-plant en- 
gineer. The most valuable criteria of the utility of a steel at 
elevated temperatures are creep rate and creep strength. These 
are the only properties which are directly applicable to design. 
It is an accepted fact that room-temperature hardness and ten- 
sile strength are not criteria of the properties of a steel at ele- 
vated temperatures. Therefore a low-carbon iron-base alloy 
Which possesses adequate creep strength at 1000 F should not be 
disqualified as a material for service at this temperature on the 
grounds that it does not satisfy the room-temperature tensile 


requirements now specified for alloy-steel piping to be used at 
temperatures from 750-1000 F. It is suggested that the specifi- 
cations may have to be modified to avoid the exclusion of alloys 
possessing equivalent elevated-temperature properties and 
greater structural stability than the material now accepted for 
power-plant construction. 


CONCLUSION 


From the point of view of thermodynamics it appears that 
whenever cementite is present in a carbon-molybdenum steel, 
subjected to prolonged periods of time at 850-1000 F, graphiti- 
zation may be expected since graphite—not cementite—is the 
stable phase at these temperatures. Whether graphite will form 
during the desired life of the steel depends upon the rate of dis- 
sociation of cementite. Exclusion or restriction of elements or 
thermal treatments known to accelerate graphite nucleation and 
the addition of elements,or the use of heat-treatments which tend 
to retard graphite nucleation may be corrective measures; but 
until there is proof that such measures result in stable phases 
they must be regarded as compromises only. To date the only 
positive method of eliminating graphitization is to exclude the 
carbon or to limit it to very low percentages. 

At 1000 F iron-base alloys containing 0.50 per cent molyb- 
denum and less than 0.02 per cent carbon have hardnesses equal 
to, or greater than, the hardness of the Springdale pipe (at the 
time it was removed from service). One test on such an iron- 
base alloy gave a creep rate of only 0.02 per cent per 1000 hr at 
1000 F under a stress of 10,000 psi. 

It has been shown that 0.50 per cent molybdenum dissolved in 
ferrite raises both the hardness and creep resistance of iron at 
1000 F. It follows that part of the value of molybdenum in 
carbon-molybdenum steels intended for service in high-tem- 
perature steam plants, results from its solutign in the ferrite 
phase. 

It has been established that a complex carbide, conforming to 
the chemical formula (Fe,Mo)s:;Cs and crystallizing in a face- 
centered cubic lattice with 116 atoms to the unit cell, may be de- 
veloped in the conventional carbon-molybdenum steel by suitable 
heat-treatment. This and other evidence which indicates that 
molybdenum segregates to the carbide phase during tempering 
suggests that over a period of time at operating temperatures 
carbon may indirectly cause a reduction in the creep resistance 
of the steel because the diffusion of molybdenum to the carbides 
reduces its concentration in ferrite, where it appears to be more 
effective. 

The problem of graphitization of carbon-molybdenum steel in 
service in high-temperature steam plants has been considered 
from the viewpoints of thermodynamic stability and rates of re- 
action. Some facts about the role of molybdenum in carbon- 
molybdenum steel have been presented. It is proposed that 
carbon-molybdenum steels containing not over 0.06 per cent 
carbon be investigated with regard to their use for high-tempera- 
ture steam piping. 
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Discussion 


G. F. Comstock.’ The author’s suggestion to use 0.5 per cent 
molybdenum steei that is practically free from carbon, for high- 
temperature steam piping in order (1) to eliminate the possibility 
of graphitization, and (2) to liberate all the molybdenum for con- 
centration in the,ferrite, is an interesting and reasonable one that 
warrants further development. Since the manufacture of ex- 
tremely low-carbon steel is costly from the standpoint of furnace 
time and wear, the stabilizing of a moderately low-carbon content 
with titanium might be considered as an alternative procedure. 
Titanium carbide is much more stable than molybdenum car- 
bide and is also practically impossible to decompose into graphite, 
so that the same advantages could be secured by combining the 
carbon with titanium as if the carbon were eliminated from the 
steel. It would require about four times as much titanium as 
carbon in the steel to give the properties of a practically carbon- 
free material. 

This kind of low-carbon high-titanium steel has already been 
found so useful as a material for nonaging and deep-drawing 
sheets, and for vitreous enameling, that methods have been de- 
veloped for making it on a commercial scale by the basic open- 
hearth process. A number of successful full-sized heats have 
already been made. The finished product, containing at least 
4.5 times as much titanium as carbon, gives evidence in several 
ways of having a lower effective carbon content than even Armco 
iron which contains less than 0.02 per cent total carbon. Thus 
the manufacture of a 0.5 per cent molybdenum steel with no 
graphitizable carbon content, such as the author recommends for 
high-temperature service, may be more practical and successful 
if titanium is relied upon to stabilize a moderately low-carbon 
content, than if it is attempted to reduce the carbon to a negli- 
gible percentage in the open-hearth furnace. 


G. V. Smiru.‘ The author’s explanation of the occurrence of 
localized graphitization in the heat-affected zone of welds in car- 
bon-molybdenum pipe is essentially the same as that previously 


3 Chief Metallurgist, The Titanium Alloy Manufacturing Com- 
pany, Niagara Falls, N. Y. 
4 Research Laboratory, U. 8. Steel Corporation, Kearny, N. J. 


given by R. F. Miller and the writer.6 The author points out 
that the austenite which forms in the portion of the sample which 
is heated to just above the Ae; temperature (and which is also the 
portion that subsequently graphitizes) is rich in carbon, but sug- 
gests that there is also 0.50 per cent molybdenum present. We 
would question this latter point for it seems unlikely that the 
molybdenum content of the austenite should correspond to the 
nominal analysis of the steel. If molybdenum had segregated in 
the carbide could not the molybdenum content of these small 
regions of austenite be much greater than 0.50 per cent? 

The paper states that it is very probable that graphite is the 
stable phase, rather than carbide, at the service temperature of 
900-950 F, and cites as evidence in support of this view the fact 
that ‘graphite persisted in the carbon-molybdenum pipe after 
5'/. years at 935 F.””. It appears to the writer, however, that very 
possibly the only reason for the occurrence of graphite or the 
Fe;C type of carbide at the service temperature in ordinary 
practice is that equilibrium is not attained, owing to the practical 
inability ofthe molybdenum atoms to diffuse at such low tem- 
perature. This seems much more plausible than the concept 
of an inversion temperature between 900 and 1300 F. On this 
basis, if a stable variety of carbide were formed by permitting 
the attainment of near equilibrium at slightly higher tempera- 
ture, as we have suggested,® it might be expected that the steel 
would remain immune to graphitization at the lower service 
temperature. Which of the two possibilities is the correct one 
may be readily checked experimentally, both by determining 
whether samples subjected to the “preventive” treatment remain 
immune and by an X-ray diffraction examination of the carbide 
type or types present after long-time holding in the range 900- 
950 F of a sample which had earlier been brought to equilibrium 
at a higher temperature, i.e., above the alleged inversion tempera- 
ture. Our experiments so far have indicated that the “‘stabil- 
ized’”’ steel remains immune to graphitization.® 

The author states that tempering the welded joint for a few 
hours at 1200-1300 F will not develop the complex iron-molyb- 
denum carbide and that time much longer than practical would 
be required to do so. We wish to point out that this is not al- 
ways true, and probably depends upon the actual composition. 
Some limited data we have obtained indicate that after only 2 
hr tempering at 1300 F, a close-packed hexagonal carbide (gen- 
erally called MosC) occurs in a 1 per cent molybdenum steel of 
0.17 per cent carbon initially water-quenched from 1650 F. 
It would be quite difficult to determine the carbide types in the 
case of the localized graphitization near welds owing to the un- 
certainty as to the composition of the austenite regions in which 
graphitization subsequently occurs. 

We note that many of the steels tested by the author for hard- 
ness and creep strength were studied in the “‘as-forged’’ condi- 
tion. Since the ‘‘as-forged” gondition is rather an uncertain one, 
we wonder if this may not be the reason for the difficulty he has 
found in attempting to determine the effect of composition. 

Certain practical difficulties have been pointed out in con- 
nection with producing steels of the low-carbon content sug- 
gested by the author. We wish to point out another possible 
one, namely, that in producing such steel, relatively large de- 
oxidizer additions will be necessary, as the author indicates, in 
order to produce a sound steel, and this will result in fine grains 
which are generally considered detrimental to the creep strength, 
at least at the more elevated temperatures. 

5“*A Possible Means of Avoiding Local Graphitization of Steels 
in Service at Elevated Temperatures,”’ by G. V. Smith and R. F. 
Miller, “‘Graphitization of Steel Piping,’’ Tae AMERICAN Society OF 
MECHANICAL ENGINEERS, 1944, pp. 1-4. 

° “Graphitization of Welded and of End-Quenched Carbon and 


Molybdenum Steels,”” by G. V. Smith and 8. H. Brambir. See 
pp. 85-89 of this pamphlet. 
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AUTHOR’s CLOSURE 


The author wishes to express his appreciation to Mr. Com- 
stock and Mr. Smith for their thoughtful criticism and discussion 
of his paper. 

Most of the suggestions for solving the problem of graphitiza- 
tion in C-Mo pipe in service at 950-1000 F have been based upon 
possible stabilization of the carbide phase. Owing to the lack of 
information relative to the stability of carbides other than cemen- 
tite at temperatures of 900-1000 F the proposals along these 
lines made to date cannot be considered as solutions. It was the 
purpose of this paper to approach the problem from a different 
viewpoint: reduce the carbon content to a value so low that 
graphitization would be impossible, or to a value such that any 
graphitization which did occur would be practically ineffective in 
reducing the mechanical properties of the pipe. Based upon 
1000-hour tests, it has been shown that adequate creep strength 
can be obtained in iron-rich, iron-molybdenum alloys which have 
0.02 per cent or less carbon, indicating that there is merit to this 
approach. Mr. Comstock has suggested that a judicious addi- 
tion of titanium would result in the precipitation of a large pro- 
portion of the carbon as titanium carbide which is difficultly 
soluble in austenite, so a steel which contains 0.10-0.15 per cent 
C, to facilitate its production in steel mill or foundry, would 
behave, in the welding process, as if the carbon content were only 
about 0.02 per cent. Others have considered this suggestion to 
be a feasible solution, but the stability of titanium carbide at 
temperatures near 1000 F must be proved before the use of titan- 
ium may be regarded as a positive method of eliminating graphi- 
tization. 

There are many instances in which C-0.50 per cent Mo steel 
has been employed at temperatures near 1000 F for long periods 
of time (in excess of 5 years) without any indication of graphitiza- 
tion. In fact, graphitization in welded installations of C-Mo steel 
pipe is comparatively rare when one considers the wide applica- 
tion of this steel in high temperature service. The exceptional 

vases have usually been associated with temperature fluctuations 
in service and irregularities in welding methods, but they deserve 
considerable attention, nevertheless, because they indicate a 
certain border-line sentitivity of the material. Since the facts 
indicate that graphitization is a border-line problem, it is likely 
that small additions of chromium, titanium, vanadium, etc., may 
be sufficient to so retard graphitization that its occurrence in the 
normal service life of a high temperature steam plant. may be 
prevented. There is evidence that an increase of molybdenum 
concentration from 0.50 per cent to 1.00 per cent would greatly 
retard graphitization. Some believe the limitation of aluminum 
additions used for killing the steel is all that is needed to ade- 
quately retard graphitization in C-Mo pipe. The principal defi- 
ciencies in all these suggestions lie in their uncertainty with 
regard to the stability of the carbide formed or the rate of de- 
composition of unstable carbides. 

Mr. Smith’s discussion includes a number of interesting ques- 
tions and comments worthy of attention. He questions if 0.50 
per cent molybdenum is present in the austenite of the weld zone 
which is raised to temperatures only slightly above Ac, and states, 
ahaa . It seems unlikely that the molybdenum content of the 
austenite should correspond to the nominal analysis of the steel,” 
and then questions, “if molybdenum had segregated in the car- 
bide, could not the molybdenum content of these small regions 
of austenite be much greater than 0.50 per cent?” It was the 
author’s intention to emphasize the fact that the presence of at 
least 0.50 per cent molybdenum in the small regions of austenite 
retarded their rates of transformation and thereby contributed 
toward the formation of martensite. Without the presence of 
molybdenum, carbon steel is less apt to form martensite under 
identical conditions of heating and cooling so it may appear to 


be less sensitive to graphitization as indicated by Smith and 
Brambir.’? If the molybdenum segregated to the carbide phase, 
then the molybdenum concentration in austenite at the carbide- 
austenite interface could be greater than the nominal analysis of 
the steel and the probability of forming martensite on cooling 
would be greatly increased. Molybdenum does segregate to the 
carbide phase under certain conditions, so microscopic concen- 
tration gradients may exist in austenite formed about a carbide 
particle, but there is reason to believe that the average molyb- 
denum concentration in the small regions of austenite is equal 
to the average molybdenum content of the steel. 

A recent investigation conducted by one of the staff of our 
research laboratory® has shown conclusively that the pro- 
eutectoid ferrite formed from molybdenum-containing austenite 
has the same molybdenum concentration. The final austenite 
to transform, therefore, contains essentially the same molyb- 
denum concentration (except for some slight segregation which 
might occur during solidification) as that which transformed to 
ferrite at the initiation of the phase change. When the precipi- 
tation of ferrite has progressed appreciably at the higher sub- 
critical temperatures, part of the austenite transforms to pearlite 
which contains the complex iron-molybdenum carbide, (FeMo)>3- 
C's provided there is sufficient molybdenum in the steel. When a 
steel containing 0.40 per cent C and 0.25 per cent molybdenum 
is isothermally transformed in the range 1200-1300 F, only the 
orthorhombic Fe;C is generated. The latter contains some 
molybdenum in solution. Steels having 0.40 per cent C and 
0.50 per cent or more molybdenum, when transformed at the 
same temperatures, develop the face centered iron-molybdenum 
carbide in the pearlite colomes. 

Although the complex carbide, or cementite containing dis- 
solved molybdenum, may contain higher concentrations of molyb- 
denum than the average content of the steel, the pearlite colonies 
containing these carbides will have an average molybdenum con- 
tent equal to that of the parent austenite. Austenite regenerated 
from this pearlite, by raising the temperature of the latter to 
values above Ac;, should have the same average molybdenum 
content as that found in the steel. It is acknowledged that there 
is likely to be, on a microscopic scale, fluctuations of moiyb- 
denum content within the austenite formed from pearlite. To 
date it has not been possible to identify the carbide which is 
found in the Widmanstitten structure of normalized molyb- 
denum steels. The only carbide identified in the spheroidized 
Widmanstiitten structure af the Springdale pipe was Fe;C. 

Mr. Smith questions the concept of graphite being a stable 
phase in C-0.50 per cent Mo steels at 900-950 F when it has been 
nucleated from carbides (from tempered martensite) and has 
grown in quantity over a period of 5!/2 years (48,000 hours), yet 
he evaluates the stability of the carbide developed at 1300 F in 
two hours on the basis that no graphitization occurred in 3000 
hours at 1000-1050 F. In support of the contention that graphite 
is not a stable phase, it was stated that “equilibrium is not at- 
tained, owing to the practical inability of the molybdenum atoms 
to diffuse at such low temperatures.”” The D value for molyb- 
denum!® in ferrite at 935 F is 1.7 X 107'® em? per see. Surely, 
one may suspect that here is a diffusion coefficient adequate to 
permit the formation of a molybdenum-containing carbide in 
5'/» years at 935 F if such a carbide were a stable phase. 


7“Graphitization of Welded and of End-Quenched Carbon and 
Molybdenum Steels,’”’ by G. V. Smith and S. H. Brambir. See 
pp. 85-89 of this pamphlet. 

8 “The Partition of Molybdenum in Hypo-Eutectoid Iron-Carbon- 
Molybdenum Alloys,’’ by Fred E. Bowman. Submitted for publica- 
tion in Trans. A.S.M. for 1945. 

*“The Rate of Diffusion of Molybdenum in Austenite and in 
Ferrite,”” by John L. Ham, Trans. A.S.M., vol. 35, 1945, p. 331. 
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This point may be made clearer by the following consideration. 
At 1200 F the D value for molybdenum in austenite is 6.8 X 
10-'6 cm? per sec, or four times the D value for molybdenum in 
ferrite at 935 F. The D value may be regarded as a measure of 
the mobility of a given atom in a given solute at some specified 
temperature, so it may be assumed that the mobility of the molyb- 
denum atom in austenite at 1200 F is only about four times as 
fast as the mobility of the molybdenum atom in ferrite at 935 F. 

When an iron-carbon-molybdenum alloy containing 0.50 per 
cent Mo and 0.74 per cent C, is austenitized and isothermally 
transformed to pearlite at 1200 F, a carbide phase which con- 
forms to the formula (FeMo).:C¢ is formed. This carbide contains 
3.04 per cent molybdenum, and the associated ferrite con- 
tains but 0.19 per cent molybdenum, whereas the average molyb- 
denum concentration of the austenite was 0.50 per cent. Diffu- 
sion of molybdenum through austenite to the carbide phase is 
necessary for the transformation to take place. Complete trans- 
formation from austenite to pearlite in this steel at 1200 F requires 
less than one hour. If the mobility of the molybdenum atom in 
austenite at 1200 F with a D value of 6.8 X 10-"* is sufficient to 
permit complete transformation of austenite to ferrite and an 
iron-molybdenum carbide containing 3.04 per cent molybdenum 
in less than one hour, then the molybdenum atom in ferrite at 
935 F having a D value of 1.7 X 10~'* should certainly have 
sufficient mobility to permit the formation of any molybdenum- 

containing carbide in a period of 5!/2 years if that carbide were a 
stable phase. The persistence of graphite and the absence of a 


molybdenum-containing carbide after a period of 5'/2 years at 
935 F cannot be explained on the basis of a slow rate of diffusion 
of molybdenum at this temperature. If graphite is not the stable 
phase at 935 F, an explanation which does not involve the diffu- 
sion of molybdenum will be required to explain its presence. 

The author wishes to restate that the face centered cubic, iron- 
molybdenum carbide, (FeMo)2;Ces, cannot be developed in a stee! 
containing 0.15-0.20 per cent carbon and 0.50 per cent: molyb- 
denum by tempering a quenched section at 1300 F for short 
periods of time such as one to two hours. We regret that we 
have been unable to confirm the presence of MoeC in a steel con- 
taining 1.00 per cent molybdenum and 0.17 per cent carbon but 
our search for this carbide continues. 

With regard to the last two paragraphs of the discussion, it 
should be understood that the test bars were forged rapidly at the 
forging temperature and that the finishing temperatures were 
well above Ac;, so the bars could be considered to represent a 
normalized condition. The uniform, equiaxed grains of the bars 
indicated that they were not cold worked, Examination of the 
test bars which had been stressed at 1000 F for 1000 hours showed 
that the fine-grained heat No. 29 had a lower creep rate at a higher 
stress than coarse-grained heat No. 41. In the as-cast condition 
and after various heat-treatments, heat No. 29 was considerably 
harder than heat No. 41, indicating that variations in chemical 
compositions were probably more responsible for differences in 
behavior between the two heats than were variations in working 
or heat-treatment. 
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Graphitization of Welded and of End- 
Quenched Carbon and Molybdenum Steels 


By G. V. SMITH! ano S. H. BRAMBIR,' KEARNY, N. J. 


End-quenched specimens and welded samples of a series 
of carbon steels ranging from 0.15 to 0.80 per cent carbon, 
and of low-carbon 0.5 per cent molybdenum steels, some of 
which had been heat-treated 4 hr at 1300 F immediately 
after welding with the aim of preventing graphitization, 
were examined for graphite after 1000, 2000, and 3000 hr 
at 975-1050 F. The results of the study are contained in 
this presentation. 


INTRODUCTION AND SUMMARY 


ARLY in 1943 an interesting and important failure oc- 

curred in a molybdenum-steel steam pipe which had been 

in service for about 5!/, years at about 950 F at the Spring- 
dale generating station of the West Penn Power Company. This 
failure has received wide publicity within the power industry and 
has occasioned both a great deal of speculation as to its cause and 
a great deal of experimental investigation directed at preventing 
its occurrence and at rehabilitating affected pipe; some of this 
has already been described in the literature (1-5).? This report 
describes further investigations directed along two principal 
lines, namely, study of weld samples, and of end-quenched 
samples of 0.15-0.80 per cent carbon steels and of low-carbon 
0.5 per cent molybdenum steels. Metallographic examination 
was made after 1000 and 2000 hr at 975 F and after 2000 hr at 
975 F plus 1000 hr at 1050 F. After each 1000-hr period, a por- 
tion of the sample was taken for examination, the remainder 
being returned to the furnace. 

With the weld samples, a study of the effect of a few variations 
in type of steel, original condition of treatment, speed of welding 
and of heat-treatment immediately after welding, showed that 
localized graphitization occurred in the heat-affected zone of a 
weld laid down at a relatively rapid rate on molybdenum steel; 
also that this localized graphitization was successfully prevented 
in & companion section by treating the affected portion for 4 hr 
at 1300 F prior to exposure at 975-1050 F, as suggested earlier 
by Smith and Miller (3). 

The second portion of the investigation was a metallographic 
study of the progress of graphitization in end-quenched samples 
of several plain-carbon steels of different carbon content and of 
molybdenum steels made by both coarse- and fine-grained de- 
oxidation practice. The purpose of end-quenching was to produce 
a gradient of structure and thereby to permit a qualitative study 
of the effect of the initial structure upon tendency to graphitiza- 
tion. Unfortunately, none of the molybdenum steels graphitized 
under the conditions of experiment. All the carbon steels graphi- 
tized, however, and of the various structures present in the end- 
quenched samples, martensite was most subject to graphitiza- 
tion, In the martensite region the number of nodules of graphite 


' Research Laboratory, U. 8. Steel Corporation of Delaware. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Joint A.S.T.M.-A.S.M.E. Research Committee 
on the Effect of Temperature on the Properties of Metals and pre- 
sented at the Annual Meeting, New York, N. Y., Nov. 27—Deec. 1, 
1944, of THe American Society MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


was large but their size was small, whereas, in the pearlite region, 
the number of nodules was very small but their size was relatively 
large. 


EXPERIMENTAL DETAILS 


Weld Samples. The Springdale Station failure resulted from 
graphitization in that region of the heat-affected zone of a weld, 
which during the welding had reached a temperature of some 1350 
F, i.e., slightly above the lowest transformation temperature. 
It has been postulated (3) that graphitization occurred in this 
region because the carbide resulting from transformation of the 
carbon-rich austenite which formed during welding, was more 
unstable, owing to difference in composition, than carbide remote 
from this region. Whether or not differences in composition are 
significant, it is a fact that graphitization occurred in the narrow 
region heated to slightly above the lower critical. Further, the 
gradient of structures characteristic of such treatment can be 
produced only by welding or by gradient heating in some manner. 
Therefore, to study the phenomena it is necessary to use one of 
these two methods but since in the latter it is difficult to obtain a 
reproducible steep temperature gradient, weld beads were used. 

We obtained, through the courtesy of R. W. Emerson of the 
Pittsburgh Piping and Equipment Company, a piece of pipe 
which had been removed from the Springdale Station. Sections 
approximately 1 in. X 2'/: in. X 4 in. were prepared from the 
pipe. One was normalized !/, hr at 1650 F, and the other '/2 hr 
at 2000 F,? in order to permit study of the effect of initial struc- 
ture. The markedly different structures resulting from these 
treatments are shown in Figs. l(a) and (0), respectively. Sec- 
tions approximately 1 in. X 3 in. X 4 in. were also prepared from 
a molybdenum steel of coarse-grained deoxidation practice (the 
Springdale pipe was of fine-grained deoxidation practice) and 
from a plain-carbon (S.A.E. 1020) steel of fine-grained de- 
oxidation practice, both of which had been normalized '/2 hr 
at 1650 F. The structure of the “coarse-grained” molybdenum 
steel was intermediate between that of Figs. 1(a) and (b) whereas 
the plain-carbon steel had a grain structure similar to Fig. l(a), 
except that, as might be expected, the structure showed no Wid- 
manstiitten characteristics. A description of these steels is given 
in Table 1. 

On the opposite faces of each of the sections a narrow and a 
wide weld bead were laid down under the following conditions: 


None—at room temperature 
For 1/2 Mo; Murex C-Mo 50 
For S.A.E. 1020; Murex F 


Bead weld deposited in flat position 


Wide Narrow 
input, Btw per 171 37 


The appearance of a typical weld sample is shown in cross sec- 
tion at 2X in Fig. 2. 


3 The pipe in which the original failure occurred had a very 
coarse grain size which resulted during an upsetting operation prior 
to welding and there was some thought that this contributed to 
graphitization; see also reference (2). 
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(a) Normalized 1650 F (6) Normalized 2000 F 


Fic. 1 PHOTOMICROGRAPHS OF SPRINGDALE 
(Picral etch; X250.) 


TABLE 1 DETAILS OF STEELS TESTED AS WELD SAMPLES 


Deoxidation 

Steel practice Cc Mn g 8 Si Mo Al 

1/2 Mo (Springdale pipe). fine-grain 0.14 0.50 0.015 0.020 0.17 0.47 me 
coarse-grain 0.16 O.838 0.019 0.023 0.23 0.49 0.005 
fine-grain 0.20 0.54 0.016 0.0380 0.20 0.031 


° The analysis of the Springdale material is that reported for the pipe in which the original failure oc- 
curred, and not necessarily that of our samples, though melted to the same specification. 


TABLE 2 DETAILS OF STEELS PREPARED FOR END-QUENCH TESTS 


Deoxidation ——————Chemical Composition, per cent——-—-— 

Type practice Cc Mn r 8 Si Mo Remarks 
fine-grain 0.16 0.83 0.019 0.023 0.23 0.49 
1/3 Mo..... coarse-grain 0.16 0.83 0.019 0.023 0.2: 0.49 ew 
S.A.E. 1015. fine-grain 0.18 0.50 0.013 0.027 0.16 eta 
S.A.E. 1045. fine-grain 0.46 0.71 0.032 0.036 0.21 
S.A.E. 1080. fine-grain 0.80 0.64 0.014 0.028 0.21 


Each such weld sample was cut transversely into two equal 
sections,.one of which was subjected to a temperature of 1300 F 
for 4 hr and air-cooled. All sections were then introduced into a 
muffle-type furnace at 975 F for 1000 hr. Upon removal from the 
furnace a transverse section was taken from each sample, and the 
remainder returned to the furnace at 975 F and held for another 
1000 hr. After this interval sections were again taken and the 
remaining portions introduced into the furnace, whose tempera- 
ture had been raised to 1050 F, and held for a final 1000-hr period. 

End-Quench Samples. For the second main portion of the 
study, standard end-quench test specimens 1 in. diam by 3 in. 
length were prepared from the steels given in Table 2. Three 
specimens were prepared of the “fine-grain”? 0.5 molybdenum 
steel and one of each of the other steels. All samples were heated 
in cast-iron chips (to minimize oxidation and decarburization) 
for '/2 hr at 1650 F, and end-quenched according to standard 
procedure. Immediately after quenching two of the “fine- 
grain” 0.5 molybdenum steel samples were given a heat-treatment 
of 3 hr at 1200 F and 24 hr at 1300 F, respectively, with a view to 
studying the effectiveness of such treatments in preventing 
graphitization (assuming that graphitization occurred in the 
sample end-quenched only). All samples were then subjected ‘ . 
to the heating and sampling schedule described for the weld 


samples. Fig. SampLe; Narrow AND WELD Beaps 
Because of the general interest in the question whether steels (Etched with nital then picral; 2.) 
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TABLE 3 CHEMICAL COMPOSITION OF CHROME STEELS TESTED 


Type Cc Mn 


containing chromium are immune to graphitization, sections of 
two such steels, Bain steel and 5 Cr-'/z Mo, were included. The 
initial conditions were as normalized '/. hr at 1700 F, and as 
treated 4 hr at 1300 F immediately after normalizing. The chemi- 
cal composition of these steels is given in Table 3. 


REsULTS AND Discussion 


Weld Samples. After 1000 hr at 975 F, the sections removed 
from the weld specimens were carefully examined, particularly 
near the lower end of- the heat-affected zone, for the presence of 
graphite. The only instance in which graphite was detected was 
at the lower end of the heat-affected zone of the narrow weld in 
the Springdale sample which had previously been normalized at 
1650 F. This graphite was extremely fineand could not generally 
be resolved as such, although its presence in the heat-affected 
zone and absence elsewhere made it quite probable that it was 
indeed graphite. In the companion portion of this weld which 
had received the 4-hr treatment at 1300 F after welding, no such 
structure was detected, nor was any detected in any other of the 
weld samples whether heat-treated after welding or not. 

After 2000 hr at 975 F, the small dots had grown to a size suf- 
ficient to permit them to be clearly resolved as graphite, Fig. 
3(a), and again no graphite was detected in the sample, treated 
after welding or in any of the other samples. 

To accentuate the effect, and because the sample available 
was nearly gone, the temperature of the last 1000-hr exposure 
was increased to 1050 F. At the end of this period the graphite 
in the heat-affected zone of the narrow Springdale 1650 F sample 
had grown to appreciable size, as shown in Fig. 3(6), and there 
can be little doubt that, given time, graphitization would progress 
to a dangerous degree similar to that in the original Springdale 
failure. The companion portion of this weld, heated 4 hr at 1300 
F after welding, had still not developed any graphite, as shown 
in Fig. 3(c). This photomicrograph was taken at a position com- 


» 


(6) 2000 hrat 975 F 
1000 hr at 1050 F 
Fic. Reaton R or Fia. 


(a, Graphite developed during 2000 hr at 975 F; 
tion when exposed as in (6) 


P 8 Si Cr Mo 
0.55 1.78 0.78 
0.016 0.011 0.36 5.48 0.61 


parable to that of Fig. 3(b), i.e., in a portion of the heat-affected 
zone which had reached a temperature of approximately 1350- 
1400 F. Thus the efficacy of the preventive treatment suggested 
by Smith and Miller (3) has been proved, at least for the samples 
studied. 

While not detected in the earlier samples, graphite was ob- 
served in the heat-affected zone of the wide weld of the Springdale 
1650 F sample after the 1050 F treatment, although in rather 
small amount and spread over a greater distance (as could be 


: 
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7 
(a) 2000 hr at 975 F 
bs 
‘Ds: 42, 
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(c) Field and treatment similar 
to (b) but with treatment of 4 hr 
at 1300 F prior to 975-1050 F 
treatment 


2 or Heat-AFrectep ZONE or NaRRow WELD Brapb ON SPRINGDALE Pipe NoRMALIZED aT 1650 F 


b, graphite developed during 2000 hr at 975 F plus 1000 hr at 1050 F; 
But treated 4 hr, at 1300 F after welding. 1000.) 


and c, lack of graphitiza- 
Picral etch; X 
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34 


1000 hr at 975 F 


1000 hr at 975 F 
1 week at 1300 F 


1000 hr at 975 F 
3 weeks at 1300 F 


Fic. 4 Enp-QuENcHED 8.A.E. 1080 SteeL, ReHEATED as NoTep 
(The rows represent different positions along the end-quenched bar, row a being in the martensitic, row » in the transition, and row c in the pearlitic 
750.) 


zone as originally quenched. 


expected for a wide heat-affected zone) than in the heat-affected 
zone of the narrow weld. There were also occasional bits of 
graphite in the unaffected base metal of this sample. No graphite 
was detected in any position in any of the other samples. Since 
no graphite was found in the plain-carbon steel, one must con- 
clude that the tendency to graphitize is greater in certain molyb- 
denum than in some plain-carbon steels, which is rather surpris- 
ing when it is remembered that carbide-forming elements, such 
as molybdenum, are generally considered to contribute to in- 
creased carbide stability. Apparently these phenomena are 
still far from being completely understood. 

End-Quench Samples. None of the end-quenched molybdenum 


Picral etch; X 
steels, whether of fine-grain or coarse-grain deoxidation practice 
or whether heat-treated after quenching or not, showed graphite 
in any of the structures developed by end-quenching even after 
3000 hr exposure. Likewise none of the 5 Cr-'/2 Mo or Bain steel 
samples graphitized. 

In contrast to this all of the plain-carbon steel specimens 
showed graphite. The martensitic zone was quite limited in the 
plain-carbon steels, being only slightly more than */s in. long in 
the S.A.E. 1080 steel. Characteristically, there were many 
small nodules of graphite in the martensitic zone of the water- 
quenched end, whereas in the remaining portion of the sample 
the graphite nodules were much larger but at the same time much 
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fewer in number. The structures of the S.A.E. 1080 steel, Fig. 
4, illustrate the type of behavior. Fig. 4(a@) shows the small 
nodules of graphite which develop in the martensitic region, Fig. 
{(b) shows the larger segregated nodules which develop in the 
transition martensite to fine pearlite, and Fig. 4(c) shows the 
still larger, isolated nodules characteristic of the pearlitic por- 
tion. The amount of graphite in the martensitic and ‘‘transi- 
tion” zones was very appreciably greater than in the pearlitic 
portion. The remaining photomicrographs of Fig. 4° whieh 
may be of interest, were taken merely to show that graphite in 
plain-carbon steel is stable at 1300 F and will therefore continue, 
to grow, in contrast to graphite in a sample of 0.5 molybdenum 
steel which was shown to revert to carbide when heated at 1300 
F (5). 
taken at approximately the same position and clearly illustrate 
that graphite continues to grow at 1300 F. 
1300 F a small section was cut from the end-quenched sample 


The three photomicrographs in each row of Fig. 4 were 
For the heating at 


and sealed in vacuo in a silica vessel to prevent deearburization 
and oxidation. 

On further heating of the end-quenched samples for another 
1000 hr at 975 F and for 1000 hr at 1050 F, the graphite grew in 
each case, but no new observations of interest were made 
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Why the number of nodules should be so great and their rate 
of growth so small in the martensite region and why just the op- 
posite should be true in the pearlite region is not known. It is 
also interesting to note that the end-quenched sample of 0.15 
carbon steel developed graphite whereas the weld sample of plain- 
carbon steel of similar carbon content did not. Evidently there 
is yet a great deal that is not understood about the phenomena 
of graphitization. 
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Foreword 


HE Transactions of The American Society of Mechanical Engineers include 

selected technical papers and reports delivered at meetings of the Society, its 
Professional Divisions, and its Local Sections, the Journal of Applied Mechanics 
(contributions of the Applied Mechanics Division), certain records of the Society of 
permanent value, and indexes to its publications. 

In order to secure the advantages of timeliness and greater usefulness in issuing 
these Society Records, the material comprising them is divided into a number of 
parts, each one of which is mailed as a supplement to one of the regular monthly 
issues of the Transactions. For 1945, the first of these, the present issue, contains 
the personnel of the Council and committees for the year. Another, to be issued 
sometime later in the year, will contain memorial notices of deceased members. 
The indexes to miscellaneous publications, Mechanical Engineering, and to the 
Transactions themselves, must, necessarily, be issued in 1946, and will probably be 
mailed as a supplement to the January issue of that year. 

In binding the 1945 Transactions, all of these parts of the Society Records will be 
assembled at the back of the volume as has been customary for some years. To aid 
in locating references in the bound volumes, the page numbers of the sections con- 
taining the Journal of Applied Mechanics and the Society Records are preceded by 
the letters A and RI, respectively. 
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Alex D. Bailey 


Alex D. Bailey, President of The American Society of Mechanical Engineers for 
the year 1944-1945, is a Fellow of the Society and is vice-president in charge of 
operating and engineering of the Commonwealth Edison Company, Chicago, III. 
He was born in Kenosha County, Wis., February 14, 1882, but his family moved to 
Chicago when he was about seven years old. He acquired his grammar-school and 
high-school education in Chicago and in Glen Ellyn, Ill., and completed his under- 
graduate work at Lewis Institute, where he received the degree of mechanical engineer 


in 1903. 


The honorary degree of doctor of science was accorded him at the dedication of 
The Technological Institute of Northwestern University in 1942. 

He entered the employ of the Commonwealth Edison Company in 1903, at Harrison 
Street Station, and progressed successively through the positions of chief engineer of 
the Fisk and Quarry Stations, superintendent of generating stations, chief operating 
engineer, assistant to vice-president, and, since July 1, 1944, has been vice-president. 
Throughout this period of participation in the management of large steam-station 
generating equipment, he has contributed to many improvements in the design and 
operation of special equipment, and to advances in operating practices. He has been 
a member and chairman of many important operating and research committees in 
the Association of Edison Illuminating Companies, National Electric Light Associa- 
tion, and Edison Electric Institute. 


Mr. Bailey has long been interested in engineering education and is well known to 
the faculties of engineering colleges and universities in the Middle West, where he 
has frequently addressed student engineers on the broader aspects of education which 
are so advantageous in making the engineering graduate a better and more useful 
citizen. For nearly four years he was chairman of the Board of Trustees of Lewis 
Institute and, since the merger of that institute with Armour Institute in 1940, he 
has been vice-chairman of the Board of Trustees of the Illinois Institute of Technology. 

From the time he became a junior member of The American Society of Mechanical 
Engineers in 1910, Mr. Bailey has had a keen interest in its advancement, his first 
active participation in its affairs occurring in 1917, when he became vice-chairman of 
the Chicago Section, the following year being elected chairman. Among other offices 
he has held in the Society since that time are vice-chairman, and chairman of the 
Power Division, 1922 and 1923, respectively; delegate, International Fuel Conference, 
London, 1928; member, 1929-1934, and chairman, 1934, of the Standing Committee 
on Research; manager, 1933-1935; vice-president, 1936-1937; chairman, Advisory 
Board on Standards and Codes, 1935-1937. He became a Fellow of the Society in 1936. 
He is also a member of the Western Society of Engineers, and of the Society for the 
Promotion of Engineering Education. He is a member of Tau Beta Pi fraternity. 
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Mr. Bailey has always taken an active part in the affairs of the communities in 
which he has lived. He served for four years as a member of the Board of Trustees 
of La Grange Park, Ill., and for 14 years as a member of the Board of Trustees of 
La Grange, IIl., during the last two years of which he was president. He is a member 
of the La Grange Civic Club, the La Grange Country Club, and the Union League 
Club of Chicago, of which he is a past-director and vice-president. 
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The American Society of Mechanical Engineers 


HEADQUARTERS: 29 West 39TH St., New York 18, N.Y. 
MID-WEST OFFICE: Room 1920, 205 West Wacker Drive, Cuicaco 6, ILL. 


The members of the Council and of its standing and special committees given on the 


following pages are those in office on January 1, 1945, serving for the official year 1944-1945. 
The terms of office of members of other committees are not fixed by the official calendar. 


OFFICERS AND COUNCIL 


PRESIDENT MANAGERS 
Avex D. BAILEY 
Terms expire December, 1945 
Terms expire December A. R. STEVENSON, JR. 
WarrEN H. McBrypbe (1945) E. WHITE 


A. HANLEY (1946) 
JAMES W. PARKER (1947) 


Hanoi V. Coes (1948) Terms expire December, 1946 
Rosert M. Gates (1949) Aton C. CHICK 
SAMUEL H. GraF 
VICE-PRESIDENTS JAMES M. ROBERT 

Terms expire December, 1945 

F. Gage Terms expire December, 1947 

Davin W. R. Morcan 

JONATHAN A. Noyes Dantev S. 

Forp L. WILKINSON, JR. ArTHUR J. Kerr 


HERMAN G. THIELSCHER 
Terms erpire December, 1946 


Davip LARKIN TREASURER SECRETARY 
JoHn E. Lovety 
Tuomas S. McEwan K. W. JApPE C. E. Davies 


CHAIRMEN OF STANDING COMMITTEES 


Representatives on Council without vote 


Finance, J. J. SWAN Relations With Colleges, G. L. SULLIVAN 
Meetings and Program, F. G. Switzer Education and Training for the Industries, 
Publications, E. J. Kates R. L. GoETZENBERGER 

Admissions, 8S. SpRONG Library, JOHN BLIzarD 

Professional Divisions, J. H. SENGSTAKEN Research, W. R. ELsry 

Local Sections, J. A. KEETH Standardization, W. H. H1ti 

Constitution and By-Laws, R. L. PARSELL Power Test Codes (to be appointed) 
Honors and Awards, C. L. BAUSCH Safety, E. R. GRANNISS 


Professional Conduct, G. S. ARMSTRONG 


EXECUTIVE COMMITTEE OF THE COUNCIL 


ALEX D. BaAILey, Chairman 
R. F. Gage, Vice-Chairman 
A. C. CHICK 

D. W. R. Morgan 

A. R. STEVENSON, JR. 


Advisory Members: Chairmen of the 
Finance, Local Sections, and Professional 
Divisions Committees 


SECRETARIAL STAFF 


Ernest Hartrorp, E.recutive Assistant Secretary (Sections, Divisions, Student Branches, 
Membership, Meetings, ete.) 

C. B. LePaGe, Assistant Necretary (Technical Committees) 

R. L. Sackett, Assistant to the Secretary 

GeorGE A. STETSON, Editor 

Freperick LAsk, Advertising Manager 

D. C. A. Boswortn, Comptroller 
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FINANCE 


J. J. Swan, Chairman * (1945) 

W. H. Sawyer, Vice-Chairman (1947) 
J. N. Lanpis (1946) 

G. L. Knieut (1948) 

F. E. Lyrorp (1949) 


Council Representatives 


D. S. (1945) 
H. G. THIELSCHER (1946) 


MEETINGS AND PROGRAM 


F. G. Swirzer, Chairman * (1945) 
R. A. NortH (1946) 

D. S. WALKER (1947) 

P. W. THomMPSON (1948) 

+. B. WARREN (1949) 


Junior Advisers 


C. H. CarMAn, Jr. (1945) 
E. S. (1946) 


PUBLICATIONS 


E. J. Kates, Chairman* (1945) 
L. N. Row.ey, Jr. (1946) 

W. A. CARTER (1947) 

H. L. Drypen (1948) 

J. M. JuRAn (1949) 


Advisory Members (1945) 


N. C. Espaveu 
H. R. Hugues, Jr. 
O. B. Scuter, II 


Junior Advisers 


R. 8S. (1945) 
J. M. Sexton (1946) 


(Personnel of Biography Committee, p. 
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ADMISSIONS 


S. D. Sprone, Chairman* (1945) 
T. H. WICKENDEN (1946) 

D. W. R. Morgan (1947) 

G. E. (1948) 

J. P. Korrcampe (1949) 


Advisory Member 
I. E. Lyrorp (1945) 


PROFESSIONAL DIVISIONS 


J. H. SENGSTAKEN, Chairman* (1945) 
J. A. Gorr (1946) 

J. M. TALBor (1947) 

W. L. H. Doyte (1948) 

B.S. Cain (1949) 


Junior Advisers 


DovucLas HusBert (1945) 
J. J. Jacosps, JR. (1946) 


(Personnel of Professional Divisions’ Exec- 
utive Committees, p. RI-10) 


* Representative on the Council. 
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STANDING COMMITTEES 
LOCAL SECTIONS 


J. A. Keetu, Chairman* (1945) 
OLIVER B. LYMAN (1946) 

. Mumrorp (1947) 

. Moxtey (1948) 

. JERMY (1949) 


Junior Advisers 


R. C. Perura (1945) 
J. W. Stmonson (1946) 


(Personnel of Local Sections’ 
Committees, p. RI-15) 


Executive 


CONSTITUTION AND BY-LAWS 


R. L. PARSELL, Chairman * (1945) 
W. J. Cope (1946) 

A. M. Gompr (1947) 

F. W. (1948) 

H. H. SNELLING (1949) 


Junior Adviser 


To be appointed 


HONORS AND AWARDS 


. Bauscu, Chairman * (1945) 
WALLACE (1946) 

R. C. (1947) 

2. W. O'BRIEN (1948) 

C. M. ALLEN (1949) 


(Personnel of Medals Committee, p. RI-7) 


RELATIONS WITH COLLEGES 


G. L. SULLIVAN, Chairman * (1945) 
R. P. Reece (1946) 

H. J. Brown (1947) 

HERBERT KUENZEL (1948) 

H. R. Pearson (1949) 


Advisory Members (1945) 


W. J. Cope 
R. H. Porter 


E. STANLEY AULT 
N. P. BaAILey 
D. S. CLarK 


Junior Adviser 
C. C. Davis (1945) 
(Student Branches and Officers, p. RI-23) 


EDUCATION AND TRAINING FOR 
THE INDUSTRIES 


R. L. GOETZENBERGER, Chairman * (1946) 
LILLIAN M. (1945) 

L. J. FLETCHER (1947) 

J. 1. YeELLorr (1948) 

M. M. Bortne (1949) 


Advisory Members 


+. R. COWING S. D. Moxey 


R. B. DALE E. W. O’Brien 

C. J. Freunp E. D. Smiru 

A. C. HARPER A. R. STEVENSON, JR. 
LINN HELANDER C. L. WILson 


W. R. Woorricu 


LIBRARY 


JOHN Buizarp, Chairman* (1945) 

E. F. Cuurcnu, Jr. (1947) 

P. H. Harpre (1948) 

The Secretary, C. E. Davies, E.r-Officio 


RESEARCH ¢ 


W. R. Exsry, Chairman* (1945) 
J. F. Downte Smitu (1946) 
HERMAN WEISBERG (1947) 

G. A. HAwkKIns (1948) 

To be appointed (1949) 


STANDARDIZATION ¢ 


W. H. Chairman * (1945) 
J. Taytor (1946) 

). J. BRYANT (1947) 

D. S. (1948) 

To be appointed (1949) 


POWER TEST CODES ¢ 


To be appointed, Chairman * 
A. G. CHRISTIE, Vice-Chairman (1946) 


Term expires 1945 


THEODORE BAU MEISTER 
P. H. Harpe 
B. V. E. Norppere 


R. J. S. 
M. C. Stuart 


Term erpires 1946 


W. W. JOHNSON 
E. B. Powe 


A. G. CHRISTIE 
PAUL DISERENS 
N. R. Gipson 


Term exrpires 1947 


W. A. CARTER 
W.L. H. Doyie 
H. B. 


R. B. 
W. J. 


Term expires 1948 


Louris 
W. F. Jones 
ARVID PETERSON 


R. A. SHERMAN 
P. W. Swain 


Term expires 1949 


A. E. GRUNERT 
L. F. Moopy 


T. E. Purceci 
E. B. Ricketts 


To be appointed 


SAFETY 


E. R. GRANNISS, Chairman * (1945) 
H. W. Gapor (1946) 

J. R. CONNELLY (1947) 

R. B. RENNER (1948) 


J. J. ZEITNER (1949) 


PROFESSIONAL CONDUCT 


G. 8. ARMSTRONG, Chairman (1945) 
P. W. THompson (1946) 

M. C. MAXWELL (1947) 

W. F. Ryan (1948) 

H. O. Crorr (1949) 


+t Personnel of all Technical Committees. 
pp. RI-25-39. 
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BIOGRAPHY 


(Npecial Committee of Publications 
Committee) 


Roy V. Wricut, Chairman 
Rk. E. FLANDERS 
J. W. Roe 


BOILER CODE 


H. B. OarLey, Chairman 
H. E. Atpricu, Vice-Chairman 
D. S. Jacopus, Honorary Chairman 
A. ADAMS 

T. B. ALLARDICE 

H. C. BOARDMAN 

Perry CASSIDY 

R. 

A. J. Ety 

\. M. Frost 

GorTON 

W. D. HALsey 

W. G. HumMpPpToN 

T. McL. JASPER 

C. O. MYERS 

C. W. OBERT 

JAMES PARTINGTON 

D. B. RossHEIM 

D. L. Rover 

WALTER SAMANS 

J. W. TURNER 


F. 8S. G. WILLIAMS 


J. W. Secretary 
M. Jurist, Assistant Secretary 


Honorary Members 
W. H. Boru W. F. Jr. 
W. F. DurRAND J. O. LEECH 
R. M. F. Moore 
A. M. Greene, Jr. E. 
C. L. Huston H. LeRoy WHITNEY 


(Personnel of Boiler Code Committees, pp. 
RI-38-39) 


DUES-EXEMPT MEMBERS’ 
CONTRIBUTIONS 


D. Herpert, Chairman 
. H. Fry 

H. Lipsy 

M. MARSHALL 

. T. McKee 

W. OBERT 

C. R. Place 

4. B. RICKETTS 

J. W. Roe 

W. R. WessTeR 

K. W. Japre, Treasurer 


. 
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MEDALS 


(Npecial Committee of Board of Honors 
and Awards) 


Term expires 1945 
C. L. Bauscn, Chairman 
J. W. BARKER 
( LARKE FREEMAN 
L. K. 
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SPECIAL COMMITTEES 


MEDALS 
(Continued ) 
Term expires 1946 
E. C. HuTcHINSON OBERG 
W. H. KeNnerson L. W. WALLACE 
Term erpires 1947 


P. E. Hoipen 
R. C. Muir 


F. H. Coivin 
L. H. Fry 


Term expires 1948 
F. M. FerKer E. W. O’Brien 
E. L. Hopprna C. T. RIPLEY 
Term erpires 1949 


C. M. ALLEN 
N. E. FUNK 


WARNER SEELY 
B. R. VAN LEER 


NOMINATING COMMITTEE FOR 1945 


W. H. LARKIN, Chairman 
R. A. SHERMAN, Secretary 


Group 


I F. C. RicnHarpson, New Haven, Conn. 
G. A. OrroK, Boston, Mass., Ist 
Alternate 


Il W. H. Larkin, New York, N. Y., 
Chairman 
H. E. Martin, New York, N. Y., Ist 
Alternate 
J. H. SENGSTAKEN, New York, N. Y., 
2nd Alternate 


III M. C.’ Sruart, Bethlehem, Pa. 
H. L. Mason, Rochester, N. Y., 1st 
Alternate 
W. H. Carrier, Syracuse, N. Y., 2nd 
Alternate 


IV J. B. Jones, Blacksburg, Va. 
H. G. Movat, Birmingham, Ala., ist 
Alternate 
P. R. Yorr, Atlanta, Ga., 2nd Al- 
ternate 
J. M. Tucker, Knoxville, Tenn., 3rd 
Alternate 
V R. A. SwermMan, Columbus, Ohio, 
Necretary 
W. A. Carter, Detroit, Mich., st 
Alternate 
M. R. BowerMANn, Alliance, Ohio, 
2nd Alternate 


VI C. F. Movutton, Omaha, Neb. 
W. W. Peoria, Ill., ist 
Alternate 
R. W. MERKLE, East Alton, Ill., 2nd 
Alternate 
H. O. Crorr, Iowa City, Iowa, 3rd 
Alternate 


VIL F. W. Canpeg, Pullman, Wash. 
E. B. Parker, Pullman, Wash., /st 
Alternate 
N. W. Humpurey, Spokane, Wash., 
2nd Alternate 


VIII H. E. Deerer, Austin, Texas 
E. J. Wacker, Dallas, Texas, 1st 
Alternate 
L. J. Cucuttu, New Orleans, La., 
2nd Alternate 
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LOCAL SECTIONS IN NOMINATING 
COMMITTEE GROUPS 


GROUP I 
Boston PROVIDENCE 
BRIDGEPORT WATERBURY 
GREEN MOUNTAIN WESTERN MAssa- 
HARTFORD CHUSETTS 
New HAveN WORCESTER 
New LONDON 

GROUP II 


METROPOLITAN (N.Y.) AND MEMBERS 
OUTSIDE THE UNITED STATES 
(Excerpt ONTARIO SECTION MEMBERS) 


GROUP III 
ANTHRACITE-LEHIGH PHILADELPHIA 
V ALLEY PLAINFIELD 
BALTIMORE ROCHESTER 
BUFFALO SCHENECTADY 
CENTRAL PENNSYL- SUSQUEHANNA 
VANIA SYRACUSE 
ITHACA WASHINGTON, D.C. 
GROUP IV 
ATLANTA PIEDMONT-NORTH 
BIRMINGHAM CAROLINA 
East TENNESSEE RALEIGH 
FLORIDA SAVANNAH 
GREENVILLE VIRGINIA 
MEMPHIS 
GROUP V 
AKRON-CANTON ONTARIO 


CINCINNATI PENINSULA 


CLEVELAND PITTSBURGH 
CoLUMBUS TOLEDO 
DAYTON WEST VIRGINIA 
DETROIT YOUNGSTOWN 
Erie 

GROUP VI 
CENTRAL ILLINOIS MINNESOTA 
CENTRAL INDIANA NEBRASKA 


Rock RIveR VALLEY 
Str. JosSepPH VALLEY 
St. Lovis 
TrRI-CITIES 


CHICAGO 
Fort WAYNE 
LOUISVILLE 
MILWAUKEE 


GROUP VII 
INLAND EMPIRE UTAH 
OREGON WESTERN WASH- 
San FRANCISCO INGTON 
SOUTHERN CALI- 
FORNIA 

GROUP VIII 

COLORADO NEW ORLEANS 


NortH 
TEexas 


KANSAS CITY 
M1p-CONTINENT 
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SPECIAL COUNCIL COMMITTEES 


(Dates in parentheses denote expiration of terms) 


BOARD OF REVIEW 
F. M. Gipson, Chairman (1945) 


JoHN Haypock (1946) 
T. M. Knoop (1947) 


BOARD ON TECHNOLOGY 


R. F. Gace, Chairman 

C. B. Peck, Vice-Chairman 

T. E. 

J. A. KeetH (Local Sections) 

F. G. Swirzer (Meetings and Program) 
J. H. SENGSTAKEN (Professional Divisions) 


E. J. Kates (Publications) 
W. R. (Research) 


DEVELOPMENT FUND 


D. S. WALKER, Chairman 


ENGINEERS’ CIVIC RESPONSI- 
BILITIES 


Roy V. Wricut, Chairman 
Gano DUNN 

F. A. FAVILLE 

M. H. Fries 

LILLIAN M. GILBRETH 

H. B. Oatiey 

J. W. Roe 

H. H. SNELLING 

D. RoBert YARNALL 


Junior Representative 


W. 


Chairmen ot Committees on Local Sections 
and Relations With Colleges, Ez-Officio 


FREEMAN AWARD 


CLARKE FREEMAN, Chairman 
E. C. HuTcHINSON 
W. H. McBryve 


KILGORE BILL 


A. G. CHRISTIE, Chairman 
R. L. Sackett, Secretary 
J. H. Herron 

E. B. WHITMAN 


LECTURESHIPS 


C. B. Peck, Chairman 
A. G. CHRISTIE 

H. N. Davis 

W. F. Duranpb 

F. L. WILKINSON, JR. 


MANUFACTURING ENGINEERING 
COMMITTEE 


L. C. Morrow, Chairman 
Erik OperG, Vice-Chairman 
H. V. Coes 

F. H. Cotvin 

H. B. Lewis 

J. L. 


MEMBERSHIP DEVELOPMENT 


N. O. Wynkoop, Chairman 

W. M. SHEEHAN 

P. T. SowpEen 

A. R. Mumrorp (Local Sections) 
ALFRED IppLes (Technical Committees) 


Chairmen of Committees on Professional 
Divisions, Admissions, and Relations With 
Colleges, and the President, E.r-O ficio 


NATIONAL HONORS 
(Formerly George Westinghouse Bust) 


D. S. Chairman 
C. E. Davies, Secretary 
K. T. Compton 

S. W. Dubey 

W. G. MARSHALL 

J. H. McGraw, Jr. 

J. B. Wricgut 

Roy V. WriGcHt 


ORDNANCE ADVISORY 
To be appointed 


REGISTRATION 


W. G. Curisty, Chairman 
S. H. Grar 

J. A. McPHERSON 

F. H. Provury 

W. K. Srapson 

H. H. SNELLING 


Junior Representatives 
P. B. Petty W. WIITANEN 


SOCIETY OFFICE OPERATION 


ALFRED IppLES, Chairman 


WALLACE CLARK 
E. H. ScHELL 


SOCIETY ORGANIZATION 
STRUCTURE 


G. L. Knieut, Chairman 


CLARKE FREEMAN 
G. E. 
K. M. Irwin 
H. R. Westcorr 


D. Ropert YARNALL 


WAR HONORS 
W. H. McBrype, Chairman 


E. W. O'BRIEN 
Awards) 


(Board of 


Honors and 


J. M. Tatsor (Professional Divisions) 


WAR PRODUCTION 


James L. WALSH, Chairman 
Magor Gen. G. M. Barnes (Army Represen- 


tative) 


Rear-ADMIRAL J. A. Furer (Navy Repre 


sentative) 


A.S.M.E. Divisions Representatives 


K. H. Conpir (Management) 
C. F. Drerz (Materials Handling) 
Sot (Production Engineering) 


D. 8S. 
W. M. SHEEHAN 


} (Railroad) 


A. R. STEVENSON, Jr. (Aviation) 
T. H. WicKENDEN (Metals Engineering) 


W.L. Barr 

C. BRINLEY 

H. V. Cogs 

H. N. Davis 

W. C. DICKERMAN 
Gano DUNN 

W. F. Duranp 
W.S. Frniay, Jr. 
R. E. FLANDERS 
R. M. Gates 

K. T. KELLER 


Davip LARKIN 

F. T. 
Outver B. LyMan 
W. H. McBrype 
T. A. Morgan 
R.C. Murr 

A. MULLER 

T. E. Murray 

W. I. WESTERVELT 
A. C. WILLARD 
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A.S.M.E. REPRESENTATIVES ON OTHER ACTIVITIES 


See also A.S.M.E. Representatives on Other Research Committees, etc., pages RI-26, 32, 35, 36, 39 


AMERICAN ASSOCIATION FOR THE D.C. Jackson, Boston Advisory Committee 


ADVANCEMENT OF SCIENCE 
SECTION M, ENGINEERING 


F. D. CARVIN R. L. SACKETT 


AMERICAN DOCUMENTATION 
INSTITUTE 


H. W. CRAVER 


AMERICAN STANDARDS 
ASSOCIATION 


J. E. Lovety (1945) 
ALFRED IppLeEs (1946) 
Alternates 


C. B. LEPAGE (1945) 
W. ©. MUELLER (1945) 


AMERICAN YEAR BOOK 
CORPORATION 


C. E. DAvIEsS 


CENTER FOR SAFETY 
EDUCATION 


E. R. GRANNISS 


CONSULTATIVE COMMITTEE 
ON ENGINEERING 
(War Manpower Commission) 


R. F. Gace 


THE ENGINEERING FOUNDATION 


J. Scuuyiter Casey (1947) 
A. A. Potter (1947) 
W. TrRINKS (1948) 


RESEARCH PROCEDURE COM MITTEE 
W. Trinks (1945) 


E.L.C.-AS.M.E. JOINT CONFERENCE 
(The Engineering Institute of Canada) 


A. G. CHRISTIE A. E. Waite 


J. W. PARKER 


ENGINEERING SOCIETIES LIBRARY 
BOARD 


JouN Buizarp (1945) 

E. F. Cuurcn, Jr. (1947) 

P. H. Harpre (1948) 

Secretary, A.S.M.E., Ex-Officio 


ENGINEERING SOCIETIES MONOGRAPHS 
COM MITTEE 


J. A, Gorr (Professional Divisions) 
E. J. Kates (Publications) 


ENGINEERING SOCIETIES PERSON- 
NEL SERVICE, INC. 


ERNEST HartrorD, Vice-President of the 
Corporation and Chairman, Metropolitan 
Advisory Committee 


R. D. Brizzo.ara, Chicago Advisory Com- 
mittee 

R. Fou._krop, Detroit Advisory Committee 

D. I. Cone, San Francisco Advisory Com- 
mittee 


ENGINEERS’ COUNCIL FOR PROFES- 
SIONAL DEVELOPMENT 


R. L. Sackett (1945) 
R. L. GoOreTZENBERGER (1946) 
J. W. PAarKer (1947) 


COM MITTEE ON UNIONISM 


WARNER SEELY 


ENGINEERS’ NATIONAL RELIEF 
FUND 


ERNEST HARTFORD 


JOHN FRITZ MEDAL BOARD OF 
AWARD 


W. A. HAN Ley (1945) 
J. W. ParKer (1946) 
H. V. Coes (1947) 

R. M. Gates (1948) 


GANTT MEDAL BOARD OF AWARD 


J. M. (1945) 
E. H. (1946) 
J. M. Juran (1947) 
L. A. APPLEY (1948) 


DANIEL GUGGENHEIM MEDAL 
FUND, INC. 


J. E. Youncer (1945) 
J. M. CrarK (1946) 
C. B. (1947) 


JOSEPH A. HOLMES SAFETY 
ASSOCIATION 


J. F. BARKLEY 


HOOVER MEDAL BOARD OF AWARD 


W. L. (1945) 
W. H. KeNnerson (1947) 
S. F. VoorHees (1949) 


INTER-AMERICAN DEVELOPMENT 
COMMISSION 


A. M. GREENE, JR. C. M. Mucunic 
W. H. McBrype 


INTER-AMERICAN ENGINEERING 
COOPERATION 


A. M. GREENE, JR. 


(Dates in parentheses denote erpiration of terms) 


INTERNATIONAL ELECTROTECH- 
NICAL COMMISSION 


U.S. NATIONAL COMMITTEE 
DISERENS Francis HopGKINSON 


JOINT CONFERENCE COMMITTEE 
(Presidents and Secretaries of National 


Societies) 
President 
Junior Past-President +Ez2-Officio 
Secretary 
MARSTON AWARD 
W. L. Asppotr (1945) 
NATIONAL BUREAU OF ENGINEER- 
ING REGISTRATION 


W. G. CHRISTY 


NATIONAL FIRE WASTE COUNCIL 
J. A. NEALE 


NATIONAL MANAGEMENT COUNCIL 


A. I. Pererson (1946)—C. W. Lyte, Al- 
ternate 

J. M. Tatsor (1947)—WALLAcE CLARK, Al- 
ternate 

J. M. Juran (1948)—L. A. Appiey, Al- 
ternate 


NATIONAL RESEARCH COUNCIL 


DIVISION OF ENGINEERING AND INDUSTRIAL 
RESEARCH 


E. G. Battey (1945) 


ALFRED NOBLE PRIZE 
C. R. SopersBere (1949) 


STATUS OF THE ENGINEER 


R. E. Dowerty P. T. ONDERDONK 


UNITED ENGINEERING TRUSTEES, 
INC. 


H. A. LARDNER (1946) 
G. L. Knteunt (1947) 
J. Scuvyier CASEY (1948) 


VERMILYE MEDAL ADVISORY 
COMMITTEE 
W. D. Futter (1947) 


WASHINGTON AWARD COMMISSION 
W. S. Monroe (1945) 
H. (1946) 

WORLD POWER CONFERENCE 


EXECUTIVE COMMITTEE, U.S. NATIONAL 
COM MITTEE 


President, Ex-Officio 
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PROFESSIONAL DIVISIONS 


ARTICLE B6A, Par. 16: The Standing Committee on Professional Divisions shall, under the 
direction of the Council, have supervision of the Professional Divisions of the Society. 


STANDING COMMITTEE 


ENGSTAKEN, Chairman (1945) 


. H. Doyte (1948) 
. S. Carn (1949) 
Junior Advisers 
DoveLtas Hupert (1945) 
J. J. Jacoss, JR. (1946) 
Liaison Representative, Local Sections 
A. R. Mumrorp 


Applied Mechanics 
Organized, 1927 
J. N. Goopier, Chairman 


EXECUTIVE COMMITTEE 


J. N. Gooprer, Chairman 
H. Poritsky, Secretary 
H. W. Emmons 

W. M. Murray 

JESSE ORMONDROYD 


Associates 


J. P. DEN HartToG G. B. PEGRAM 
RupeEN EKSERGIAN R. E. PETERSON 
J. C. HUNSAKER E. O. WATERS 
J. H. KEENAN B. M. Woops 


Research Secretary 
JESSE ORMONDROYD 


Liaison Representatives 


Aviation Liaison Group, J. C. HUNSAKER 

Co-ordination Committee of Heat Transfer 
Division, H. W. Emmons 

San Francisco Section, W. M. Moopy 


JOURNAL OF APPLIED MECHANICS 
J. M. Lessetts, Editor 


SPONSORS 


Dynamics, F. M. Lewis 

Elasticity, STEPHEN TIMOSHENKO 

Experimental Stress Analysis, W. M. 

Fluid Mechanics, H. W. EMMons 

Lubrication, L. M. TicHvInsky 

Plasticity, A. L. NApAt 

Strength of Materials, C. R. SopERBERG 

Thermodynamics, J. A. GOFF 


Aviation 
Organized, 1920 
R. F. Gage, Chairman 


EXECUTIVE COMMITTEE 


A. R. STEVENSON, JR., Chairman 
J. E. Youncer, Erecutive Secretary 
F. K. TeEICHMANN 


E. 8S. THompson 
F. W. WEIcK 


Junior Advisers 


B. E. Det Mar 
F. H. Fow.er 
MartTIN GOLAND 


GENERAL COMMITTEE 


West Coast Committee 


T. E. Cotvin, Chairman 
L. M. K. 

F. R. SHANLEY 

T. A. WATSON 


Southwest Committee 


M. J. THompson, Chairman 
M. V. Barton 


Central and East Committee 


HERMAN HOLLERITH 
J. T. RETTALIATA 
R. G. STANDERWICK - 


Associates 


R. F. Gage 
ALEXANDER KLEMIN 
E. A. Sperry, JR. 


E. ALDRIN 
J. M. CLarK 
C. H. DoLan 


Liaison Representatives, Professional 
Divisions 

Applied Mechanics, M. V. Barton, J. N. 
Goopter, R. E. Peterson, J. E. YOUNGER 

Heat Transfer, L. M. K. Boerter, R. H. 
Norris, W. W. REASER 

Hydraulic, R. G. Fotsom, THropor von 
KARMAN 

Industrial Instruments, Ep S. Smiru 

Management, R. E. GILLMor 

Metals Engineering, R. G. Sturm 

Oil and Gas Power, H. E. Decter, R. F. 
Gace, C. W. Goon 

Production Engineering, R. F. Gage, T. A. 
Watson 

Rubber and Plastics, G. M. CLinc, JoHNn 
Det_monte, J. F. Downie SMITH 

Wood Industries, ALEXANDER KLEMIN 


Liaison Representatives, Other Activities 


Daniel Guggenheim Medal Fund, Inc., J. M. 
CiarK, C. B. VEAL, J. E. YOUNGER 

Education and Training for the Industries, 
Standing Committee, A. R. STEVENSON, 


R. 
Institute of the Aeronautical Sciences, J. E. 
YOUNGER 
War Production Committee, A. R. STEVEN- 
SON, JR. 


BIOMECHANICS COMMITTEE 


F. K. TercHMANN, Chairman 
L. D. Carson 

EvuGeNE DuBois 

RvuPEN EKSERGIAN 

R. F. Gaee 

C. M. Gratz 

L. E. GrirFitH 

P. E. Hovearp 


Consulting Engineering Group 
Organized, 1948 
S. Logan Kerr, Chairman 


EXECUTIVE COMMITTEE 


S. LoGan Kerr, Chairman 
P. L. BAtrey 

W. H. McBrype 

I. H. Provuty 

M. X. WILBERDING 


Fuels 


Organized, 1920 
O. F. CAMPBELL, Chairman 


EXECUTIVE COMMITTEE 


O. F. CAMPBELL, Chairman 
D. C. WEEKS, Secretary 
T. C. CHEASLEY 

D. S. Frank 

J. E. Topey 


Associates 


M. A. MAYERS 
J. R. MIcHEL 
C. E. MILLer 
A. R. MuMrForp 
A. L. NICOLAI 


J. F. BARKLEY 
J.S. BENNETT, 3kD 
E. D. BENnTON 
A. H. CANNON 
W. G. CHristy 


B. J. Cross W. E. REASER 
R. B. ENGpAHL R. L. Rowan 
M. D. ENGLE R. A. SHERMAN 
H. F. Hesiry A. W. Tuorson, 


J. H. Kerrick 
T. A. Marsu 


(Past-Chairman, 
Ex-Officio) 
Junior Adviser 


E. R. KAISER 


Research Secretary 
A. R. MuMForp 


Liaison Representative, Local Sections 
W. G. CHrRIsty 


Liaison Representatives, Professional 
Divisions 
Applied Mechanics, A. L. NIcoLar 
Heat Transfer, B. J. Cross 
Process Industries, W. E. REASER 
Railroad, E. D. BENTON 


COAL TESTING CODE 


Organized, 1939, Jointly With A.J.M.E. 


R. L. ROowMAN, Chairman 
J. E. Tosey, Vice-Chairman 


A.S.M.E. Representatives 


J. F. BARKLEY A. R. MuMrForp 
H. C. CARROLL W. T. Rew 

R. A. FRESMAN R. A. SHERMAN 
R. M. HArpGROvE L. A. SHIPMAN 
J. H. Kerrick A. W. THorsoN 
T. A. MarRsH 
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DOMESTIC FUELS 


A. SHERMAN, Chairman 
T. C. CHEASLEY 

T. A. MARSH 

J. E. ToBey 


JOINT AWARDS 


M.E. Werte (1944) 
M.E. W. G. Curisty (1945) 
LE. D. R. (1946) 
M.E. H. F. Hepriey (1947) 
M.E. O. F. CAMPBELL ‘(1948) 


MODEL SMOKE LAW 


J. BARKLEY, Chairman 
F. CAMPBELL 
A. G. CHRISTIE 
G. CHRISTY 
T. A. MARSH 
PURCELL 
R. A. SHERMAN 
TUCKER 


PROGRAM AND MEETINGS 


D. S. FRANK, Chairman 
kK. R. Assistant Chairman 


REVIEW OF PAPERS 


O. F. CAMPBELL, Chairman 
M. D. ENGLE 
D. S. FRANK 
D.C. 


Graphic Arts 
Organized, 1922, as Printing Industries 
Division. Name changed, 1935. 


Inactive 


Heat Transfer 


Organized, 1938, as Heat Transfer Profes- 
sional Group. Reorganized, 1941. 


L. M. K. Boerrer, Chairman 
H. B. NorraGgr, Necretary 


EXECUTIVE COMMITTEE 


L. M. K. Boerrer, Chairman 
A. P. COLBURN 

R. H. Norris 

W. S. PATTERSON 

C. F. Kayan, Clerk 


Advisory Associates 


A. BOWMAN 
. 
D. GRIMISON 


C. E. Lucke 
W. H. McAbams 


— 
~ 


Junior Representatives 


R. A. LorENZINI W. R. WyYKorr 


STANDING COMMITTEES 


COORDINATION 
H. B. Norrace, Chairman 


Liaison Officer for Local Sections and Other 


Societies 
BENJAMIN PINKEL 
P. R. TRuMPLER 
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Research Secretary 
C. F. Kayan 


AIRCRAFT HEAT TRANSFER 


H. 8S. Gorpon, Chairman 
J. G. BEERER 

A. R. COoLLins 
R. C. Hrrencock 
B. L. MESSINGER 
E. H. Morrin 
MARCEL Piry 

W. W. REASER 
L. A. Ropert 
Myron Trisus 
C. J. VaANnous 
Kirpy WALKER 


FLUID HEATERS AND BOILers 


W. E. Logo, Chairman 
JOHN CARTINHOUR 

F. L. MAKER 

L. B. SCHUELER 

T. S. VoorHeis 

W. J. WoOHLENBERG 


HEATED OR COOLED ENCLOSURES 


C. B. BrRapLey, Chairman 
F. W. HutrcHINson 

E. L. KNOEDLER 

C. O. MACKEY 

W. E. 


INDUSTRIAL FURNACES AND KILNS 


H. W. Smiru, Chairman 
R. M. CHERRY 
J.T. DAWSON 

D. GRIMISON 
H. C. Horre. 
T. R. OLIVE 

V. PASCHKIS 

C. E. Peck 

G. G. SEGELER 
W. A. TICKNOR 
W. TRINKS 

I. S. WiIsKOSKI 


NOMENCLATURE AND SYMBOLS FOR HEAT 
TRANSFER 


T. B. Drew, Chairman 
W. P. 

T. H. CHILTON 

S. M. Marco 

R. H. Norris 


PAPERS 
L. B. ScHUELER, Chairman 
T. B. Drew 
G. A. HAWKINS 
R. C. MARTINELLI 
R. H. Norris 


TESTING TECHNIQUES 
B. J. Cross, Chairman 
C. M. ASHLEY 
A. L. LONDON 
W. T. Rem 
L. P. SAUNDERS 
S. M. SPeRRY 
G. L. Tuve 
H. A. WHITESEL 


THEORY AND FUNDAMENTAL RESEARCH 


H. O. Crort, Chairman 
M. J. Brevoort 

H. W. Emmons 

Max JAKOB 

C. F. KAYAN 

R. L. Perry 
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THERMOPHYSICAL PROPERTIES OF MATERIALS 


J. A. Gorr, Chairman 
J. R. ANDERSON 

F. G. BRICKWEDDE 

T. H. CHILTON 

A. E. HERSHEY 

Max JAKOB 

K. M. Watson 


Unrirep Heat TRANSFER 


A. C. MUELLER, Chairman 
R. A. BowMAN 

F. W. Dirtus 

G. S. SELLERS 

B. E. SuHort 

S. P. SoLine 

W. H. THompson 

T. TINKER 

P. R. TRUMPLER 


Hydraulic 


Organized, 1926 
L. J. Hooper, Chairman 


EXECUTIVE COMMITTEE 


L. J. Hooper, Chairman 
G. R. Ricn, Secretary 
J. F. Roperts 

R. E. B. SuHarp 

R. V. Terry 


Research Secretary 
L. J. Hooper 


CAVITATION 


R. E. B. Suarp, Sponsor 
L. F. Moopy, Chairman 
R. T. KNapp 

J. M. Mousson 

W. J. RHEINGANS 

G. F. WISLICENUS 


Representatives of Other Societies 


American Society for Testing Materials, 
N. SPELLER 

The Engineering Institute of Canada, 
Ernest BROWN 

The Institution of Mechanical Engineers, 
G. S. BAKER 


HYDRAULIC PRIME MOVERS 


. V. Terry, Sponsor 

. F. Roperts, Chairman 
P. GROWDEN 

F. Harza 

L. HESLOP 

H. RoGers 

. D. SCOVILLE 


PUMPING MACHINERY 


J. F. Roperts, Sponsor 

R. L. Dau@Herty, Chairman 
B. F. TILLson 

Hans ULMANN 


WATER HAMMER 


G. R. Ricu, Sponsor 

S. Logan Kerr, Chairman 
N. R. Gipson 

HALMos 

L. F. Moopy 

R. S. Quick 

E. B. Strowcer 


(Continued) 
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Hydraulic 


WATER HAMMER 
(Continued) 


Affiliated Societies and Their 
Representatives 


American Society of Civil Engineers, N. R. 
Gisson, EvGENE HALMoS 

American Water Works Association, F. M. 
Dawson, L. H. KESSLER 

The Engineering Institute of Canada, R. W. 
Anevus, F. M. Woop 


Member-at-Large 
Ropert Lowy 


Industrial Instruments and 
Regulators Division 


Organized, 1936, as Committee on Industrial 
Instruments and Regulators, of Process 
Industries Division. Reorganized, 
1943, as a Division 


E. D. Chairman 
J. C. Secretary 


EXECUTIVE COMMITTEE 


E. D. Chairman 
J. C. Peters, Secretary 
J. J. GREBE 

E. S. LEE 

Ep S. 


COMMITTEE CHAIRMEN 


Application, R. W. CERMAK 

Bibliography and_ Translations, 
Mason 

By-Laws, E. D. HAIGLER 

Design, G. P. BoSOMWoRTH 

Membership, C. F. Kayan 

Papers, P. W. KEPPLER 

Terminology, H. F. Moore 

Theory, A. F. Sperry 


Liaison Representatives 


O. American Institute of 
Physics 

J. J. Grese, American Institute of Chemical 
Engineers 

A. Ivanorr, The Institution of Mechanical 
Engineers 

Everett S. Lee, A.I.E.E. Committee on In- 
struments and Measurements 

Ep S. Smiru, Aviation Division and Re- 
search Committee on Fluid Meters 

R. B. SmituH, Power Test Codes Committee 
No. 20 on Speed, Temperature and Pres- 
sure Responsive Governors 

I. M. Stern, Gibson Island Conferences of 
American Association for the Advance- 
ment of Science 


Management 
Organized, 1920 


L. A. ApPpLEY, Chairman 
G. M. Varea, Secretary 
CARLOS DEZAFRA, Assistant Secretary 


EXECUTIVE COMMITTEE 


L. A. AppLey, Chairman 
A. I. Peterson, Vice-Chairman 
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A. KNOWLES 
W. R. MULLEE 
J. A. WILLARD 


Research Secretary 
E. H. HEMPEL 


Contact Secretary, Local Sections 


A. 8. KNOWLES 


GENERAL COMMITTEE 


J. R. BANGS W. A. KERR 

R. M. BARNES D. S. KrMBALL 
W. L. Batr W. H. KusHNICK 
C. W. BEESE J. K. LoupEN 

F. B. Bett H. B. MAYNARD 
WALLACE CLARK R. A. McCarty 
H. V. Cores T. S. McEwan 
K. H. Conpir L. C. Morrow 
HowarpD COoONLEY P. T. Norton, JR. 
CARLOS DEZAFRA D. B. Porter 

N. E. Exsas F. E. RAYMOND 
S. P. FisHer J. W. Roe 

W. H. GEsELL E. H. ScHELL 

L. M. GILBRETH E. D. 

R. E. GretMor A. R. STEVENSON, JR. 
G. E. HAGEMANN J. M. TALBor 

C. H. Hatcu F. B. Turck 

E. H. HemMpet L. W. WALLACE 
P. E. Hotpen A. WILLIAMS 
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Liaison Representatives, Local Sections 


Atlanta, S. C. HALE 
Birmingham, H. L. FREEMAN 
Chicago, T. S. MCEwAn 
Columbus, P. N. LeHoczkKy 
Detroit, A. N. Gopparp 
Kansas, A. H. SLuss 

Los Angeles, D. S. CLARK 
Louisville, C. D. ELprinee 
Metropolitan, M. 8S. Symon 
Milwaukee, B. V. E. NorpBera 
New Orleans, E. L. Cowan 
Philadelphia, C. 8. Gorwa.s 
San Francisco, B. A. GAYMAN 
Seattle, H. J. McIntyre 
South Texas, V. M. Farres 
Waterbury, R. S. Storrs 


SUBCOMMITTEE CHAIRMEN 


Administrative Organization, W. R. Mut- 
LEE 

Industrial Marketing, F. B. Turck 

Quality Control, A. I. PeTerson 

Work Standardization, J. K. Loupen 


DEPRECIATION 


P. T. Norton, JR. 


Liaison Representatives, Other Activities 


Ammunition, CARLOS DEZAFRA 

Education and Training for the Industries 
Standing Committee, M. Gu- 
BRETH 

Gantt Medal Board of Award: see page 9 

National Management Council: see page 9 

Professional Divisions Standing Committee, 
J. M. TALBor 

War Production Committee, K. H. Conpir 


Materials Handling 
Organized, 1920 
J. A. JACKSON, Chairman 


EXECUTIVE COMMITTEE 


J. A. JACKSON, Chairman 

F. J. SHEPARD, JR., Vice-Chairman 
C. H. Barker, JR., Secretary 

C. F. Dirrz 

R. W. MALLICK 


Associates 


H. E. BLank, JR. 
W. C. Car. 

N. W. ELMER 

G. E. HAGEMANN 


P. D. OESTERLE 
A. M. PERRIN 
M. W. Ports 
SIDNEY REIBEL 


H. C. KeLier R. B. RENNER 
BERNARD LESTER E. D. Smiru 

M. C. MAXWELL H. E. Stocker 
R. H. McLain G. R. WaADLEIGH 


F. E. Moore J. B. Wess 


Junior Associates 

D. D. Jones 

W. G. PLENTY 
JOHN SCHUETTINGER 


A. J. BURKE 
CORNELIUS CROWLEY 
E. Z. GABRIEL 

R. W. GruNDMAN 


MATERIALS HANDLING SAFETY 
COMMITTEE 


R. B. RENNER, Chairman 
SAFETY CopE FOR BULK MATERIALS 
CONVEYORS 
C.S. Huntineton, Chairman 
SAFETY Cope FOR PACKAGE CONVEYORS 


H. C. Kevier, Chairman 


STANDARD NOMENCLATURE 


M. W. Ports, Chairman 


STANDARDIZATION OF SHIPMENTS 
ON SKIDS AND PALLETS 


C. H. Barker, JR., Chairman 
H. E. Srocker, Vice-Chairman 
C. E. Mocurie 

P. F. NYDEGGER 

M. W. Ports 

F. J. SHeparp, Jr. 


Metals Engineering 
Organized, 1927, as Iron and Steel Division. 
Reorganized, 1940. 

M. D. Stone, Chairman 


EXECUTIVE COMMITTEE 


M. D. STONE, Chairman 
J. F. YounG, Secretary 
R. D. Brizzo_ara 

J. J. KANTER 

J. M. LESSELLS 

R. G. SturM 


ADVISORY COMMITTEE 


W. R. WEBSTER 
T. H. WICKENDEN 


J. H. Hircncock 
J. H. RoMANN 
W. TRINKS 
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GENERAL COMMITTEE 


SABIN CROCKER R. A. Nortu 
E. O. Dixon S. PaTcu 
D. S. G. A. 


W. M. SHEEHAN 
T. R. WEBER 
A. E. WHITE 
A. W. WINSTON 


F. P. Huston 

R. E. KENNEDY 
NoRMAN MOCHEL 
P. M. MUELLER 


Oil and Gas Power 


Organized, 192) 
C. E. Beck, Chairman 


EXECUTIVE COMMITTEE 
C. E. Beck, Chairman 
L. N. Rowtey, Secretary 
G. C. BOYER 
H. E. DEGLER 
FE. J. Kates 
Lee SCHNEITTER 


Associates 


P. B. JaAcKSON 

B. V. E. NorpBere 
M. J. Reep 

T. M. Rosie 

R. T. SAWYER 

J. A. WorTHINGTON 


Hans BOHUSLAV 
G. J. DASHEFSKY 
FE. S. DENNISON 
W. L. H. DoyLe 
C. F. Fort. 

C. W. Goon 

F. G. HECHLER 


Junior Adviser 
C. K. HoLLanp 


Research Secretary 
SCHNEITTER 


Liaison Representatives 


Aviation Liaison Group, C. W. Goop 

Heat Transfer Division, F. G. HECHLER 

Railroad Division, R. T. SAWYER 

Society of. Naval Architects and Marine 
Engineers. B. V. E. NorDBERG 


HONORS AND AWARDS 


EK. J. Kates, Chairman 
C.W. Goop 


OIL ENGINE POWER COST 


H. C. Masor, Chairman 
H. C. LENFEST, Necretary 
L. T. Brown 

H. G. Bryan 

Coppine 
DuNCAN 

R. G. 

J. H. GALLAWAY 

E. J. Kates 

A. B. Morgan 

M. J. REED 

T. M. Rosie 

R. SAWYER 

Lee SCHNEITTER 

P. H. ScHWEITZER 

J. B. Sims 

R. H. Srrer 

C. A. TRIMMER 
STANLEY WRIGHT 


OIL AND GAS POWER CONFERENCES 


1946 Meeting Location Selection Committee 


E. J. Kates, Chairman 
M. J. Reep 
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L. N. Row.ey 
LEE SCHNEITTER 


MEETINGS AND PAPERS 


G. C. Boyer, Chairman 
RoBeRT CRAMER 

C. W. Goon 

P. B. JACKSON 

R. T. SAWYER 


PUBLICITY 


C. F. 


Power 
Organized, 1920 


J. N. LANDIS, Chairman 


EXECUTIVE COMMITTEE 


J. N. LANDIS, Chairman 
J. I. YELLorr, Secretary 
L. M. GoLpsMITH 

H. D. HARKINS 

J. A. 


Process Industries 
Organized, 1934 
Kayan, Chairman 


EXECUTIVE COMMITTEE 


C. F. Kayan, Chairman 
T. R. Secretary 
J. W. Hunter 
WILLIAM RAIscH 
ARNOLD WEISSELBERG 
W. R. Woo.ricn 


Research Secretary 


ARNOLD WEISSELBERG 


Liaison Representatives 


Heat Transfer Division, E. J. DEVLIN 

Professional Divisions Standing Committee, 
J. H. SENGSTAKEN 

San Francisco Section, HERMAN DISHING- 
TON 


COMMITTEE CHAIRMEN 


Agriculture, L. E. 

Air Conditioning, C. F. Kayan 

Distillation and Evaporation, D. F. 
MER 

Drying, ARNOLD WEISSELBERG 

Fluids Handling, C. H. CARMAN, JR. 

Manufactured and Natural Gas, E. J. Dev- 
LIN 

Mechanical Separation, RicHARD O'MARA 

Paper Awards and Honors, C. E. LUCKE 

Petroleum, WILLIAM RAIScH 

Program, J. W. HUNTER 

Sanitation, WILLIAM RAISscH 

Sugar, F. M. 

Sulphur, B. E. SHort 

Vegetable Oils, R. W. Morton 


OTH- 
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Production Engineering 


Organized, 1921, as Machine Shop Practice 
Division. Reorganized, 1941. 


J. L. ALDEN, Chairman 


EXECUTIVE COMMITTEE 


J. L. ALDEN, Chairman 
C. L. Tutt, Jr., Secretary 
E. W. ERNEST 

H. B. Lewis 

A. F. Murray 


Advisory Committee 


EINSTEIN 
A. M. JoHNSON 


ERIK OBERG 
WARNER SEELY 


GENERAL COMMITTEE 


J. B. ARMITAGE 
H. CoLvin 

B. P. GRAVES 

F. O. HoaAGLanp 
M. E. LANGE: 

M. E. MARTELLOTTI 
W. H. OLDACRE 

F. J. OLIVER 

A. SCHWARTZ 


Railroad 


Organized, 1920 
W. M. SHEEHAN, Chairman 


EXECUTIVE COMMITTEE (RR1) 


W. M. SHEEHAN, Chairman 
E. L. Woopwarp, Secretary 
B. S. Catn (1949) 

P. W. Kierer (1948) 

K. F. Nystrom (1946) 

W. C. SANDERS (1947) 


GENERAL COMMITTEE (RR2) 


W. M. SHEEHAN, Chairman 
E. R. BaTtTLtey (1948) 
W. H. BaAsett (1948) 

C. H. Beck (1949) 

W. I. CANTLEY (1945) 
E. D. CAMPBELL (1947) 
J. E. DAVENPORT (1946) 
C. M. DarpEN (1947) 

E. P. GANGEWERE (1949) 
F. P. Huston (1945) 

J. M. NICHOLSON (1947) 
E. S. PEARCE (1948) 

C. E. Ponpo (1949) 

A. A. RAYMOND (1946) 
H. H. Urpacu (1946) 
E. G. Youne (1945) 


ADVISORY COMMITTEE (RR3) 


Past-Chairmen 


Research Secretary 
F. H. CiarkK 
(Continued) 
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Railroad 
(Continued) 


Liaison Representatives 


Admissions Standing Committee, F. E. Ly- 
FORD 

Heat Transfer Division, Coordination Com- 
mittee, L. H. Fry 

Professional Divisions Standing Committee, 
C. H. Beck, W. M. SHEEHAN 

Coordination With Oil and Gas Power 
Division, R. T. SAWYER 


ADVISORY COMMITTEE (RR3) 
Liaison Representatives (Continued) 


Contact With American Association of 
Railroads, J. R. Jackson, Chairman, 
J. G. Apatr, D. 8. C. T. RIPLey 

San Francisco Section, M. P. TayLor 


Rubber and Plastics Division 


Organized, 1937, as Committee on Rubber 
and Plastics of Process Industries Division 
and made a Subdivision in 1940. Reorgan- 
ized as a Group in 1942, and as a Division 
in 1948. 


E. F. Rresine, Chairman 


EXECUTIVE COMMITTEE 


E. F. Rresine, Chairman 

J. H. Boorn, Secretary 

H. M. RIcHARDSON, Senior Member 
E. G. KiIMMICcH 

J. F. SMITH 


ADVISORY COMMITTEE 


Ropert SEAMAN 
F. L. YERZLEY 


JOHN DELMONTE 
L. E. JERMY 
G. M. KLINE 
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GENERAL COMMITTEE 


G. W. NEELY 
Art TABOLSKY 
J. H. TEEPLE 

J. C. TRAVILLA 
FRANK WARNER 
FreD WEHMER 
W. A. ZInzow 


D. H. CorNELL 

Ep CUNNINGHAM 

F. L. HAUSHALTER 
G. H. KAEMNERLING 
W. NEWLIN KEEN 
M. E. LERNNER 
JOHN LISKA 
Howarp NASON 


Textile 


Organized, 1921 
C. D. Brown, Chairman 


EXECUTIVE COMMITTEE 


C. D. Brown, Chairman 

W. W. Starke, Northern Vice-Chairman 
E. L. McCormack, Southern Vice-Chairman 
A. B. Stupiey, Secretary 

S. B. Earie, Southern Representative 

R. W. Vose, Inter-Society Representative 


Associates 


J. O. LINDSAY 

J. D. RoBERTSON 

WapswortH STONE 
J. W. VAUGHAN, JR. 


F. L. BrRapLey 

L. D. Cops 

W. O. JELLEME 
W. H. LEHMBERG 


ACTIVITIES COMMITTEE 


W. W. SrarKe, Co-Chairman 
E. L. McCormack, Co-Chairman 
O. W. CLARK 

L. D. Cops 

M. H. Irons 

W. O. JELLEME 

W. R. Kent 

W. H. Leu MBERG 

EARLE MAULDIN 

J. D. ROBERTSON 

D. C. Scorr 

H. SEARLES 

A. N. SHELDON 

R. G. SHEPERD 

E. WapswortH STONE 


ADVISORY COMMITTEE 


A. D. AsBuRY 

A. L. Brown 
WINN CHASE 

J. W. Cox 

M. A. GoLrick, JR. 
M. E. Hearp 

W. B. Heinz 


R. J. McConNnett 
J. J. McEtroy 
N. M. 
ALBERT PALMER 


BRACKETT PARSONS 


A. N. SHELDON 
R. W. Vose 


Wood Industries 


Organized, 1921 


D. R. Gray, 


Chairman 


EXECUTIVE COMMITTEE 


. Gray, Chairman 


. HANRAHAN 
. LUNDSTROM 
. May 


ADVISORY (¢ 


A. W. KEUFFEL 
M. J. MacDonatp 
R. H. MeCartuy 


‘COMMITTEE 


C. B. Norris 
T. D. Perry 


GENERAL COMMITTEE 


. BILHUBER 
. BaBcock 

. CARPENTER 
E. FrRencu 

A. S. KURKJIAN 


COMMITTEE 


J. S. MATHEWSON 
A. O. Smiru, JR. 
H. M. Surron 
W. B. WILKINS 


CHAIRMEN 


Dimensional Limits and Tolerances, A. 


FEGEL 
Forest Protection (to 
Wood Finishing, M. J. 


be appointed) 
MacDOoNALp 


Vice-Chairman and Secretary 
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LOCAL SECTIONS 
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The Standing Committee on Local Sections shall, under the 


direction of the Council, have supervision of the Local Sections of the Society. 


OLIVER B. LyMAN (1946) 
A. R. Mumrorp (1947) 


J. A. Keetu, Chairman (1945) 


Junior Advisers 


R. C. Perura (1945) 
J. W. Srmonson (1946) 


STANDING COMMITTEE ON LOCAL SECTIONS 


S. D. Moxtey (1948) 
L. E. Jermy (1949) 


REGIONAL GROUP DELEGATES TO ANNUAL CONFERENCES 


Terms expire October, 1945 


H. C. R. Cartson, Speaker for 1944 Conference, Group II 


F. W. MILter, Group IIT 
P. R. Yorr, Group IV 
J. G. MARTIN, Group V 


J. R. Hicks, Group I 
R. W. FLYNN, Group IT 
J. H. Porrer, Group IIT 


AKRON-CANTON 


Organized: 1920 

Territory: Counties of Richland, Ashland, 
Medina, Summit, Portage, Wayne, 
Stark, Holmes, Tuscarawas, Carroll, 
and Coshocton in Ohio 

Place of Meeting: As selected monthly 

Number of Members: 212 


EXECUTIVE COMMITTEE 
D. H. Cornett, Chairman 
R. W. Hursn, Vice-Chairman 
M. C. Pierce, Secretary-Treasurer 
M. R. BowERMAN 
E. D. GrorcGe 
Z. N. Harris 
G. C. MCMULLEN 
R. G. MINNS 
J. H. VaANce 
A. G. WALKER 


ANTHRACITE-LEHIGH VALLEY 


Organized: 1920, as Lehigh Valley; reor- 


ganized, 1928, as Anthracite-Lehigh 
Valley 
Territory: Counties of Bradford, Susque- 


hanna, Wayne, Sullivan, Wyoming, 
Lackawanna, Columbia, Luzerne, Mon- 
roe, Pike, Schuylkill, Carbon, Berks, 
Lehigh, Northampton in Pennsylvania, 
and Warren in New Jersey 
Place of Meeting: One meeting annually at 
Allentown, Bethlehem, Easton, Hazle- 
ton, Pottsville, Reading, Scranton, and 
Wilkes-Barre 
Local Organization: 
_ of Lehigh Valley 
Number of Members: 217 


The Engineers’ Club 


Executive CoM MITTEE 


C. H. Fotmsper, Chairman 
J. A. Gisu, Jr. 
J. A. Luoyp 
WALTER TALLGREN 
J. W. Buss, Seeretary-Treasurer 


Vice-Chairmen 


R. M. Scort, Secretary, Group I 


Terms expire October, 1946 


R. G. Necretary, Group VII 


W. E. ANDERSON) 
K. W. BLoom 

L. D. GRABOSKI 

S. I. HAMMOND 

. E. JACKSON 

E. MYLTING 

D. 

1. C. SCHWEIKART 

W. 
J. W. Biiss 
E. A. GoRNEY 
R. W. MorGan 
T. Y. MULLEN 
R. L. RANSOM 
C. T. REILLY 


p Managers 


Assistant Managers 


ATLANTA 


Organized: 1913 

Territory: Radius of sixty miles from At- 
lanta, Ga. 

Place of Meeting: Atlanta Athletic Club 

Luncheon meeting every Monday at 12:30 
p.m. at Atlanta Athletic Club 

Number of Members: 117 

EXECUTIVE COMMITTEE 

W. Parker, JR., Chairman 

A. Dopp, Vice-Chairman 

L. ALLEN, Secretary 

E. BYERLEY 

C. Keser, JR. 

S. Kine 

A. L. LINDSTROM 

EARLE MAULDIN 

E. L. SHUFF 

B. D. SMITH 


BALTIMORE 


Organized: 1916 

Territory: Radius of thirty miles from Bal- 
timore, Md. 

Place of Meeting: Engineers Club of Bal- 
timore 

Number of Members: 327 


W. W. Bascock, Group VI 
B. T. McMInn, Group VII 
G. H. Group VIII 


J. J. Urexer, Speaker for 1945 Conference, Group V 


E. E. Group IV 
H. L. Sorsere, Group VI 
O. L. Lewis, Group VIII 


EXECUTIVE COMMITTEE 


J. Marcus Movusson, 2Npb, Chairman 
J. H. Porrer, Vice-Chairman 

L. E. Carrer, Secretary-Treasurer 

J. D. ELDER 

A. M. Gompr 

R. J. GREEN 

). H. HANHART 

E. W. 

S. F. ROBERTSON 

H. W. Woopwarp 


BIRMINGHAM 


Organized: 1915 

Territory: Radius of sixty miles from Bir- 
mingham, Ala. 

Place of Meeting: Tutwiler Hotel 

Number of Members: 97 


EXECUTIVE COMMITTEE 


J. E. HANNuM, Chairman 


D. H. GuipBere, Vice-Chairman 
J. B. Emory, Secretary-Treasurer 
H. G. Movat 

J. G. Rep 


BOSTON 


Organized: 1909 

Territory: Radius of thirty miles from Bos- 
ton, Mass. 

Place of Meeting: Mass. Inst. of Technology 

Local Organization: Engineering Societies 
of New England 

Number of Members: 728 


EXECUTIVE COMMITTEE 


J. A. Chairman 

H. M. Kine, Vice-Chairman 

A. J. Ferretti, Secretary-Treasurer 
C. W. MacGrecor 

W. P. SAUNIER 

R. D. STAUFFER 
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BRIDGEPORT 


Organized: 1917, as a Branch of Connecti- 
cut Section; reorganized as a Section, 
1923 

Territory: Fairfield County, Conn. 

Place of Meeting: Stratfield Hotel 

Local Organizations: The Bridgeport Tool 
Engineers Association; The Bridgeport 
Engineers Club 

Number of Members: 189 


EXeEcUTIVE COM MITTEE 


P. A. Chairman 

F. G. D'Arcy, Vice-Chairman 
W. H. SNIFFEN, Secretary 

J. P. HEUMANN, Assistant Secretary 
W. E. Hocan, Treasurer 

H. E. ADAMS 

Beck 

J. L. Corcoran 

C. N. HOAGLAND 

F. W. MESINGER 

J. H. Powers 

J. D. SKINNER 

E. R. SPAULDING 


BUFFALO 
Organized: 1915 
Territory: Radius of thirty miles from 


Buffalo. N.Y. 
Place of Meeting: 
Main St. 
Local Organization: Engineering Society of 

Buffalo 
Number of Members: 


Markeen Hotel, 1391 


280 


EXECUTIVE COM MITTEE 


C. A. Ross, Chairman 

L. B. BuRMESTER, Vice-Chairman 
H. P. FuLierton, Secretary 

C. E. Harrineton. Treasurer 

N. C. BARNARD 

C. G. KIPLINGER 

N. S. SNYDER 

J. L. YATES 


CENTRAL ILLINOIS 


Organized: 1937 

Territory: All the territory in Central 
Illinois between the following counties 
on the northern boundary: Bureau, 
LaSalle, Knox, Stark, Putnam, Mar- 
shall, Livingston, Peoria; counties on 
the southern boundary: Pike, Scott, 
Morgan, Sangamon, Macon, Piatt, 
Douglas, and Edgar 

Place of Meeting: Hotel Pere Marquette or 
Caterpillar Show Room 

Number of Members: 116 


EXECUTIVE COMMITTEE 


R. T. Mees, Chairman 
G. T. Krosse ) 

R. E. Luney }Vice-Chairmen 

K. J. Triccer } 

G. B. Grim, Secretary-Treasurer 

R. H. Assistant Secretary-Treasurer 
W. W. Bascock 

W. L. H. Dorie 

D. C. GREFFE 


CENTRAL INDIANA 


Organized: 1916 
Territory: Radius of eighty miles from In- 
dianapolis, within Indiana 
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of Meeting: Indianapolis Athletic 

ub 

Local Organization: 
Society 

Number of Members: 183 


Indiana Engineering 


EXECUTIVE COM MITTEE 


M. E. Becutoip, Chairman 

D. P. Morse, Vice-Chairman 
FERDINAND JEHLE, NSecretary-Treasurer 
R. B. Bass 

G. L. 

R. W. GausMAN 

H. L. 

CARL WISCHMEYER 


CENTRAL PENNSYLVANIA 


Organized: 1921 

Territory: Radius of approximately sixty 
miles from State College, Pa. 

Place of Meeting: State College and Al- 
toona, Pa. 

Number of Members: 78 


EXECUTIVE COMMITTEE 


R. L. Hutsizer, Chairman 

H. A. SORENSEN, Secretary-Treasurer 
J. S. DooLirrLe 

L. B. JONES 

ALFRED MULLHAUPT 

J.C. 

R. Y. Sigwortu 


CHICAGO 


Organized: 1913 

Territory: Radius of fifty miles from Chi- 
cago, Ill 

Headquarters: Mid-West A.S.M.E. Office, 
Room 1920, 205 West Wacker Drive, 
Chicago 6, Ill. 

Place of Meeting: Civic Opera Bldg., 20 
North Wacker Drive 

Meetings: Tuesday, 7:30 p.m. 

Local Organization: Western Society of En- 
gineers 


Number of Members: 1,031 


EXECUTIVE COMMITTEE 


F. H. Lane, Chairman 
H. M. Brack 
A. H. JENS 

L. M. JoHNnson 
J. C. MARSHALL 
J. I. YELLotTr 
H. L. NACHMAN, Secretary-Treasurer 
C. C. AUSTIN 

R. H. Bacon 

C. B. 

C. O. DoHRENWEND 

L. M. ELLiIson 

R. S. HARTENBERG 

B. H. JENNINGS 

J. S. KozacKa 

R. M. Krause 

J. P. Magos 

W. T. Jr. 

T. S. McEwan 

J. R. MICHEL 

F. B. Orr 

W. H. OLDACRE 

R. M. OSTERMANN 

C. W. Parsons 

D. I. 

J. D. PIERCE 

R. E. TURNER 

C. L. Wacus 


Vice-Chairmen 


CINCINNATI 


Organized: 1912 

Territory: Radius of thirty miles from Cin- 
cinnati, Ohio 

Place of Meeting: Engineers’ Club Rooms, 
Ninth & Race Sts. 

Local Organization: Engineers’ Club of Cin- 
cinnati 

Number of Members: 220 


EXECUTIVE COM MITTEE 


J. G. MARTIN, Chairman 

Kk. Marto MARTELLoTTI, Vice-Chairman 
H. L. Hawortn, Secretary-Treasurer 
W. S. Boynton 

O. E. 

R. S. Hyatr 

H. S. MALAny 

D. W. NEARING 

R. J. Suortr 

B. J. YEAGER 


CLEVELAND 
Organized: 1918 
Territory: Counties of Lorain, Cuyahoga, 


Lake, Geauga, and Ashtabula in Ohio 

Place of Meeting: Cleveland Engineering 
Society Club 

Local Organization: Cleveland Engineering 
Society 

Number of Members: 352 


Executive CoM MITTEE 


W.G. STEPHAN, Chairman 

E. R. McCartny, Secretary-Treasurer 
COLIN CARMICHAEL 

EpWIN CRANKSHAW 

H. M. HAMMOND 

G. E. KEentIs 


F. E. LeGates 
F. H. Vose 
COLORADO 

Organized: 1919 
Territory: Entire State of Colorado ; 
Place of Meeting: Albany Hotel, Denver, 

Colo. 
Local Organization: Colorado Engineering 

Council (Colorado Society of Engi- 

neers) 


Number of Members: 102 


EXECUTIVE COMMITTEE 


+. H. WoeELBING, Chairman 

D. R. Vice-Chairman 
J. F. Ransom, Secretary-Treasurer 
N. A. PARKER £ 
R. F. 
DurBIN VAN LAW 
W. A. Woopwarp 


COLUMBUS 


Organized: 1920 

Territory: Counties of Union, Delaware, 
Licking, Madison, Franklin, Fayette, 
Pickaway, and Ross in Ohio 

Place of Meeting: Battelle Memorial Insti- 
tute and The Ohio State University F 

Number of Members: 89 


EXECUTIVE COMMITTEE 


W. L. Davis, Chairman 

R. B. EN@DAHL, Vice-Chairman 

W. H. Browne, Secretary-Treasurer 
G. E. HANEY 
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A. P. JOHNSON 
E. J. LINDAHL 


S. M. Marco 
S. H. Yost 
DAYTON 
Organized: 1926 
Territory: Counties of Drake, Miami, 
Champaign, Preble, Montgomery, 


Greene, and northern part of Butler 
and Warren in Ohio 

Place of Meeting: Engineers’ Club of Day- 
ton 

Local Organization: 
Dayton 

Number of Members: 164 


Engineers’ Club of 


EXECUTIVE COMMITTEE 


F. Downey, Chairman 

H. C. Wieunt, Vice-Chairman 
Burson TREADWELL, Secretary 
A. W. KIMMEL, Treasurer 

C. W. BALL 

L. R. Briper 

J. J. HEALY 

A. L. PASCHALL 

A. W. ScHMID 


DETROIT 


Organized: 1916 

Territory: Radius of thirty miles from De- 
troit, Mich. 

Place of Meeting: Place varies 

Local Organization: Engineering Society of 
Detroit 

Number of Members: 555 


EXECUTIVE COMMITTEE 
J.J. Uicker, Chairman 
A.C. Pasint, Secretary-Treasurer 
C. R. ADEN 
R. V. 
H. K. GANDELOT 
R. F. HANSON 
P. W. LEHMAN 
J. W. MAcKENZIE 
{. CLAY PORTER 
H. F. Recu 
Hersert WELLS 


EAST TENNESSEE 


Organized: 1922 

Territory: All counties in Tennessee east of 
the west boundary of Scott, Morgan, 
Cumberland, White, Warren, Coffee, 
Moore, Franklin; Belle County in Ken- 
tucky; and Rossville, Dade, Walker, 
Cattasa, Whitfield, Murray, Gordon, 
Chattooga in Georgia 

Place of Meeting: Places varies 

Local Organization: Chattanooga Engi- 
— Club and Knoxville Technical 

Luncheon Meeting every Monday noon at 

_ Chattanooga Engineers Club 

Number of Members: 157 


Executive CoM MITTEE 


F. H. THomas, Chairman 
VINCENT MATTHEWS, JR. 
G. L. Morris 

J. E. Riery 

M. C. Case 

C. P. DANIEL 

J. M. Jounson 
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ERIE 


Organized: 1917 

Territory: Radius of thirty miles from 
Erie, Pa. 

Place of Meeting: Erie County Court House 

Number of Members: 92 


EXECUTIVE COMMITTEE 


E. C. IMs, Chairman 

G. H. KAEMMERLING, Vice-Chairman 

. B. Scunerper, Secretary-Treasurer 
G. W. Bacu 

F. G. Brrinie 

H. E. Goetz 

C. I. RAINESALO 

McDonatp 8S. REED 

H. B. Joyce, Ex-Officio 


FLORIDA 


Organized: 1925 

Territory: State of Florida 

Place of Meeting: Various cities in state 

Local Organization: Florida Engineering 
Society, Gainesville, Fla. 

Number of Members: 110 


EXECUTIVE COMMITTEE 


R. A. THompson, Chairman 
JOHN HUNTER 

S. L. Stewart, II 
J.T. Leeeett, Secretary-Treasurer 
P. C. Capps 

R. Y. Poor 

G. E. Rempe 


Vice-Chairmen 


FORT WAYNE 


Organized: 1939 

Territory: Counties of LaGrange, Steuben, 
Noble, DeKalb, Whitley, Allen, Wa- 
bash, Huntington, Wells, Adams, 
Miami, Blackford and Jay in Indiana; 
Counties of Williams, Defiance, Pauld- 
ing, Van Wert and Mercer in Ohio 

Local Organization: Fort Wayne Engi- 
neers’ Society 

Number of Members: 40 


EXECUTIVE COM MITTEE 
E. S. Buck, Chairman 
F. C. Mason, Vice-Chairman 
C. F. Harrop, Secretary 
I. A. PLANCK, Treasurer 
W. H. Connor 
K. K. Cooper 
F. L. Rvuorr 


GREEN MOUNTAIN 


Organized: 1923 

Territory: Entire State of Vermont and 
neighboring and closely related com- 
munities of Claremont and Hanover, 
N.H. 

Place of Meeting: Springfield, Windsor, 
Vt., and Claremont, N.H. 

Local Organization: Vermont Engineering 
Society 

Number of Members: 46 


EXECUTIVE COMMITTEE 


C. H. Apams, Chairman 

F. T. Gear, Vice-Chairman 

F. A. Jonnson, Secretary-Treasurer 
E. D. CLarK 

H. L. Daascu 

D. T. HAMILTON 

J. B. JOHNSON 


GREENVILLE 


Organized: As a Branch, 1923; as a Sec- 
tion, 1927 
Territory: Radius of sixty miles from 
Greenville, S.C. 
Place of Meeting: Meetings held at Green- 
ville, Clemson College, S.C., Canton, 
Asheville, and Enka, N.C. 
Number of Members: 45 


EXECUTIVE COMMITTEE 


J. A. McPuerson, Chairman 

E. M. Vice-Chairman 
J. W. VAvuGHAN, Jr., Secretary-Treasurer 
H. F. Finck 
J. R. 
C. R. Hoey 
E. R. 


HARTFORD 


Organized: 1917, as Branch of Conn. Sec- 
tion; reorganized, 1923; New Britain 
Section merged with Hartford Section, 
July 1, 1940 

Territory: Hartford County except that 
portion served by New Britain Section 

Place of Meeting: Hartford Electric Light 
Company 

Number of Members: 192 


EXECUTIVE COMMITTEE 


F. D. KELLER, Chairman 
E. R. Lewis, Jr., Secretary-Treasurer 
A. E. ANDERSON 
HERBERT BurDICK 
WILLIAM FERGUSON 
E. P. Herrick 

F. O. HoaGLanp 

L. P. Le Ber 

W. S. PAINE 

K. E. 

H. F. Ramo 

H. P. Smiru 


INLAND EMPIRE 


Organized: 1921 
Territory: East of Columbia River in State 
of Washington, and Counties of Oka- 
nogan and Benton, and part of North- 


ern Idaho 

Place of Meeting: Davenport Hotel, Spo- 
kane 

Luncheons: Wednesdays at 12:00 noon, 


Davenport Hotel, Spokane 
Local Organization: Associated Engineers 
of Spokane 
Number of Members: 38 


EXECUTIVE COMMITTEE 


F. W. Chairman 

J. G. McGivern, Vice-Chairman 
N. W. Humpnrey, Secretary-Treasurer 
ALEXANDER LINDSAY 
E. B. PARKER 

L. J. 


ITHACA 


Organized: 1936 

Territory: Radius of thirty miles from 
Ithaca plus following cities: Bingham- 
ton, Corning, Endicott, Geneva, Painted 
Post 

Place of Meeting: Alternately in different 
cities of Section territory, as an- 
nounced 

Number of Members: 88 
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ITHACA 
(Continued) 


EXECUTIVE COMMITTEE 


S. S. Garrett, Chairman 

F. S. ErpMAN, Secretary-Treasurer 
D. S. KIMBALL 

W. M. Sawpon 

C. W. 

M. P. WHITNEY 

N. R. WICKERSHAM 


KANSAS CITY 


Organized: 1921 

Territory: Radius of sixty miles from 
Kansas City, Mo. 

Place of Meeting: University Club 

Local Organization: Engineers’ Club of 
Kansas City 


Number of Members: 162 


EXECUTIVE COMMITTEE 


L. T. Mart, Chairman 

R. P. Hann, Vice-Chairman 
CHESTER Cotter, Secretary 
H. E. MANUEL, Treasurer 
C. F. ALBERT 

F. R. APPLEGATE 

G. C. Boyer 

C. B. Briees, Jr. 

LINN HELANDER 

WELDON Mooney 


LOUISVILLE 
Organized: 1922 
Territory: Radius of thirty miles from 
Louisville, Ky. (includes Lexington, 


Ky.) 

Place of Meeting: University of Louisville, 
Louisville, Ky. 

Local Organization: Engineers and Archi- 
tects Club . 

Number of Members: 79 


EXECUTIVE COMMITTEE 


P. SHANNON, Chairman 
C. Krause, Vice-Chairman 
E. Dion, JR., Secretary 

. J. DREYER, Treasurer 

H. E. Deapy 

H. V. HEUSER 

A. G. ROSENBAUM 

F. L. WILKINSON, JR. 


© 


MEMPHIS 
Organized: 1923 
Territory: Radius of sixty miles from 


Memphis, Tenn., and eastern half of 
Arkansas including all the territory 
east of a line drawn north and south 
through the western boundary of the 
city of Little Rock 

Number of Members: 30 


EXECUTIVE COMMITTEE 


. K. SuHarp, Chairman 
. R. ScHNEIDER, Vice-Chairman 
. H. Tore, Secretary-Treasurer 
. H. 
. M. Kine 
. H. Roperts 
. J. THOMASON 
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METROPOLITAN 
Organized: 1910 
Territory: Metropolitan District, New 


York and New Jersey 
Place of Meeting: Engineering Societies 
Building, 29 West 39th Street, New 
York, N.Y. 
Number of Members: 3,802 


EXECUTIVE COMMITTEE 


ApDOLF EXHBRECHT, Chairman 
E. D. Grimson, Secretary 
R. W. FLYNN, Treasurer 
W. L. Bertrs 

E. V. Davip 

G. E. HAGEMANN 

H. E. MArtTIN 

J. H. SENGSTAKEN 

HERMAN WEISBERG 


JUNIOR GROUP 


J. JACOBS, Chairman 
Irvine West, Secretary 
J. P. PoLttack, Treasurer 
F. M. Gipson, Jr. 
Haro_p HERKIMER 

R. C. PETURA 

J. M. 


MID-CONTINENT 
Organized: 1919 
Territory: Entire State of Oklahoma; ter- 


ritory in Arkansas not included in 
Memphis Section; part of Louisiana; 
and territory in Texas north of the 
southern boundaries of the counties 
of Gaines, Dawson, Bordon, Scurry, 
Fisher, Jones, and Shackelford 

Place of Meeting: Usually Mayo Hotel, 
Tulsa, Okla. 

Luncheon Meetings with Engineers Club of 
Tulsa, Mondays at 12:00 noon 

Local Organization: Engineers Club of 
Tulsa 

Number of Members: 161 


EXECUTIVE COMMITTEE 


D. E. Fretps, Chairman 
R. A. Secretary 
C. A. STEVENS, Treasurer 
E. S. BURNETT 

H. T. Sears 

W. S. SHERMAN 


MILWAUKEE 


Organized: 1904 

Territory: Radius of fifty miles from Mil- 
waukee, Wis. 

Place of Meeting: Wisconsin Club 

Local Organization: Engineers’ Society of 
Milwaukee 

Luncheon Meetings once each month, 3rd 
Wednesday at Wisconsin Club 

Number of Members: 304 


EXECUTIVE COMMITTEE 


ROBERT CRAMER, JR., Chairman 
SEBASTIAN Jupp, Secretary 

T. A. WETZEL, Treasurer 

M. K. Drewry 

S. J. Gates 

E. G. Huser 

G. V. MINIBERGER 

J. T. RETTALIATA 

M. E. Rvuess 


MINNESOTA 


Organized: Minneapolis, 1913; St. Paul, 
1913; the two Sections merged, 1934 

Territory: Entire State of Minnesota 

Place of Meeting: Minnesota Union, Univ. 
of Minnesota 

Local Organization: Minneapolis Engineers’ 
Club, Minnesota Federation of Archi- 
tectural and Engineering Societies 

Number of Members: 109 


EXECUTIVE COMMITTEE 


R. W. Jones, Jr., Chairman 

E. S. Howarp, Vice-Chairman 
JOHN Strait, Secretary-Treasurer 
W. H. ErskKINE 

CHARLES Foster 

L. L. SMITH 

L. C. SPRAGUE 


NEBRASKA 


Organized: 1922 

Territory: State of Nebraska, and Council 
Bluffs, Iowa 

Place of Meeting: Lincoln and Omaha 

Local Organization: Engineers’ Clubs of 
Lincoln and Omaha 

Luncheon Meeting every Wednesday noon at 
the Omaha Engineers’ Club—4th Mon. 
day Evening at Lincoln 

Number of Members: 53 


EXECUTIVE COM MITTEE 
W. L. DEBAUFRE, Chairman 
O. R. Pratt, Vice-Chairman 
A. A. Luess, Secretary-Treasurer 
J. W. Kurtz 
J. K. LupwickKson 
C. F. Mouton 


NEW HAVEN 


Organized: 1912, reorganized, 1923 

Territory: Portions of New Haven and 
Middlesex Counties, Conn. 

Place of Meeting: Mason Laboratory, Yale 
University 

Number of Members: 104 


EXECUTIVE COMMITTEE 


F. W. Preston, Chairman 

A. S. Repway, Vice-Chairman 

A. D. Witcox, Secretary-Treasurer 
E. E. CASPELL 

H. D. FIsHer 

I. T. Hoox 

C. A. Horst 


NEW LONDON 


Organized: 1930, as the Norwich Section; 
name changed, 1943 

Territory: Counties of Tolland, Windham, 
and New London in Connecticut, and 
Westerly District in Rhode Island 

Place of Meeting: New London Junior 
College, Pequot Ave., New London, 
Conn. 

Number of Members: 54 


EXECUTIVE COMMITTEE 


K. P. Hanson, Chairman 

W. H. Himes, Secretary-Treasurer 
W. E. 

W. A. Harpy 

J. S. Leonarp 

Ropert Wosak 
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NEW ORLEANS 


Organized: 1916 

Territory: All of Louisiana except the 
northern part allotted to Mid-Continent 
Section 

Place of Meeting: Room 422, St. Charles 
Hotel 

Local Organization: Louisiana Engineering 
Society 

Number of Members: 151 


EXECUTIVE COMMITTEE 


A.M. Chairman 

A. Vice-Chairman 

M. C. ABRAHM, NSecretary-Treasurer 
L. Cowan 

L. J. CUCULLU 

B. Durr 

D. H. MeCvuaic 

F. R. MeNpow 


NORTH TEXAS 


Organized: 1922 

Territory: All of Texas north of an ap- 
proximately straight line through Del 
Rio, Fredericksburg, Georgetown, Cam- 
eron, Nacogdoches, and center, includ- 
ing the cities mentioned, and south of 
north boundaries of the counties of 
Parmer, Castro, Swisher, Briscoe, 
Hall, and Childress. Also the City of 
Texarkana, Ark. 

Place of Meeting: Dallas Power & Light 
Co. Bldg. Auditorium 

Local Organization: Technical Club of 
Dallas 

Number of Members: 141 


EXECUTIVE COM MITTEE 
D. C. PrEIFFER, Chairman 
O. A. St. CLAIR 
E J. Wacker ice-Chairmen 
W. A. Ler, Secretary-Treasurer 
P.M. CorpELL 
F. W. RABE 
C. H. SHUMAKER 
J. A. Noyes, fficio 


ONTARIO 


Organized: 1917 

Territory: Province of Ontario, Canada 

Place of Meeting: Hart House, University 
of Toronto 

Number of Members: 200 


EXECUTIVE COM MITTEE 
WireN, Chairman 
H. Hewirt, Seeretary-Treasurer 
. R. TRUSLER, Assistant Secretary 
. H. Aneus 
G. CLARKE 
J. CLAYTON 
W. GALLoway 
G. HALL 
D. Lerren 
J. LippINGTon 
L. Rupe 
A. L. Scorr 
V. D. SHELDON, Jr. 
A.D. 
FREDERICK TRUMAN 


JUNIOR Group 


W. C. G. Fraser, Chairman 

Bruce, Secretary-Treasurer 
D. G. Huser 

D. J. Parrisu 

E. J. SHEARE 
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OREGON 


Organized: 1919 

Territory: State of Oregon and that terri- 
tory in Washington within a radius of 
thirty miles from Portland, Ore. 

Place of Meeting: Usually Public Service 
Bldg., Portland, Ore. 

Local Organization: Oregon Society of En- 
gineers 

Number of Members: 80 


EXECUTIVE COMMITTEE 
M. M. Clayton, Chairman 
A. J. Cuarut, Vice-Chairman and Acting 
Necretary 
C. A. ARENTS 
J. L. 
J.C. 
E. P. WEISER 


PENINSULA 


Organized: 1923 

Territory: West of the east boundaries of 
the following counties: Emmet, Charle- 
voix, Antrim, Kalkaska, Missaukee, 
Clare, Isabell, Gratiot, Clinton, Eaton, 
Calhoun, and Branch, Mich. 

Place of Meeting: Grand Rapids, Mich. 
Luncheon Meeting last Thursday noon 
each month 
Local Organization: 

Grand Rapids 
Number of Members: 72 


Engineers’ Club of 


EXECUTIVE COM MITTEE 


J. M. Gorrie, Chairman 

D. C. McSoriey, ist Vice-Chairman 
K. E. Crowser, 2nd Vice-Chairman 
C. J. KUENZEL, Secretary-Treasurer 
C. P. Buck 

J. R. DEHAMER 

G. E. 

C. G. LOHMANN 

C. A. HAMILTON, Ex-Officio 


PHILADELPHIA 


Organized: 1912 

Territory: Counties of Bucks, Montgomery, 
Chester, Philadelphia, Delaware, Pa., 
and the State of Delaware 

Place of Meeting: Philadelphia Engineers’ 
Club, 1317 Spruce Street, Philadelphia, 
Pa. 

Local Organization: 
neers’ Club 
Luncheon Meeting every Thursday noon at 

12:30 p.m. at Philadelphia Engineers’ 
Club 
Number of Members: 1,121 


Philadelphia Engi- 


EXECUTIVE COM MITTEE 
F. W. MILLER, Chairman 
J. J. MeCartuy, Vice-Chairman 
S. T. MACKENZIE, Necretary-Treasurer 
A. G. KISNER 
B. W. 
L. N. Guiick, Ex-Officio 


PIEDMONT—NORTH CAROLINA 


Organized: As a Branch, 1923; as a Section, 
1927; name changed from Charlotte 
Section to Piedmont—North Carolina, 
July 1, 1940 

Territory: Radius of seventy-five miles 
from Charlotte, N.C. 


RI-19 


Luncheon Meeting every other Monday at 
1:00 p.m. at Efirds Department Store 
Dining Room 

Local Organization: 
Club 

Number of Members: 51 


Charlotte Engineers 


EXECUTIVE COMMITTEE 


N. H. Brown, Chairman 

T. O. SILLs, Vice-Chairman 

F. RAYMOND JACKSON, NSecretary-Treasurer 
E. H. Branopt, JR. 

J. H. Dovuruir 

J. T. Porter 

E. A. TERRELL 

Davin Nasow, Ex-Officio 


PITTSBURGH 


Organized: 1920 

Territory: Counties bounded by and includ- 
ing Beaver, Butler, Venango, Forest, 
Jefferson, Indiana, Somerset, Fayette, 
Greene, and Washington, Pa. 

Place of Meeting: Engineers’ Society of 
Western Pennsylvania, William Penn 
Hotel 

Local Organization: Engineers’ Society of 
Western Pennsylvania 

Number of Members: 526 


EXECUTIVE COMMITTEE 


L. E. HANKISON, Chairman 

H. F. Vice-Chairman 
T. O. Scuraper, JR., Secretary 
K. F. Trescuow, Treasurer 
G. E. DIgNAN 

R. L. EHMANN 

Louis ELLMAN 

TOMLINSON Fort 

G. SInDING LARSEN 

G. W. SmirH 


PLAINFIELD 


Organized: 1921 

Territory: Plainfield and territory included 
between Elizabeth, Bound Brook, 
Metuchen, and Watchung, N.J. 

Place of Meeting: Elizabeth Carteret Hotel, 
Elizabeth, and Plainfield Masonic Tem- 
ple, Plainfield 

Local Organization: Plainfield Engineers 
Club, Singer Engineering Society 

Number of Members: 203 


EXECUTIVE COMMITTEE 


E. T. Batt, Chairman 

R. H. CHANKALIAN, Vice-Chairman 
+. N. Hoper, Secretary 

P. N. Treasurer 

A. J. De MATTEO 

J. D. Porrer 


PROVIDENCE 


Organized: 1920 

Territory: Radius of thirty miles from 
Providence, R.I. 

Place of Meeting: Providence Engineering 
Society Building, 195 Angell St., Provi- 
dence, R.I. 

Local Organization: Providence Engineer- 
ing Society 

Number of Members: 166 


EXECUTIVE COMMITTEE 


G. W. Kesey, Chairman 
R. T. Ove, Vice-Chairman 


(Continued ) 
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PROVIDENCE 
(Continued) 


E. W. Harrineton, Secretary-Treasurer 
J. B. CoLEMAN 

W. M. DaAvIEs 

B. P. GRAVES 

CHARLES HAGGERTY 

P. J. Horton, Jr. 

A. H. MAcGILLIvRAY 

F. G. TANNER 

R. M. Scort, Ex-Officio 


RALEIGH 


Organized: As a Branch, 1923; as a Sec- 
tion, 1927 

Territory: Radius of sixty miles from 
Raleigh, N.C. 

Places of Meeting: North Carolina State 
College, Raleigh, N.C.; Duke Univer- 
sity, Durham, N.C. 

Local Organizations: North Carolina So- 
ciety of Engineers, Raleigh Engineers 
Club 

Number of Members: 42 


EXECUTIVE COMMITTEE 


G. W. Barry, Chairman 

E. S. THEIss, Vice-Chairman 
T. C. Brown, Acting Secretary 
C. E. KERCHNER 

F. J. REep 

R. B. Rice 

F. B. TURNER 


ROCHESTER 


Organized: 1919 

Territory: Radius of thirty miles from 
Rochester, N.Y. 

Place of Meeting: Rochester Engineering 
Society Rooms, Sagamore Hotel 

Local Organization: Rochester Engineering 
Society, Sagamore Hotel 

Luncheon Meeting every Tuesday at 12:15 
p.m. at Sagamore Hotel 

Number of Members: 134 


EXECUTIVE COMMITTEE 


S. C. Stacy, Chairman 

A. E. SCHELL, Secretary 

A. W. Moxon, Vice-Chairman 
E. R. BirKIcHT 

W. J. Brown 

J. T. LINDSAY 

H. I. Mason 

C. B. McCatHrRon 

W. A. SCHELL 


ROCK RIVER VALLEY 


Organized: 1926 

Territory: Thirty miles east and west of 
Madison, Wis., and extending south- 
ward through Rockford, II. 

Meeting Places: Madison, Wis., Beloit, 
Wis., and Rockford, Il. 

Local Organization: Rock River Valley 
Engineering Council 

Number of Members: 60 


EXECUTIVE COMMITTEE 


W. C. FiscHer, Chairman 

L. A. WiLson, Vice-Chairman 

J. D. SWANNACK, Secretary-Treasurer 
K. H. Casson 

Lioyp HORNBOSTEL 

T. G. LAUGHNAN 

E. K. SPRINGER 
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ST. JOSEPH VALLEY 


Organized: 1929 

Territory: Counties of La Porte, Starke, 
Pulaski, St. Joseph, Marshall, Fulton, 
Elkhart, anu Kosciusko in Indiana, and 
Cass and Berrien Counties in Michigan 

Place of Meeting: South Bend, Ind. 

Number of Members: 62 


EXECUTIVE COMMITTEE 


. E. ZAHN, Chairman 

. C. Frren, Vice-Chairman 

Rosert Eory, Secretary-Treasurer 
. J. AYERS 

. F. Davis 

M. Gorrky 

A. LEHMAN 

. R. McNEILE 

WV. D. A. PEASLEE 

. T. SPRAGUE 


ST. LOUIS 


Organized: 1909 

Territory: Radius of thirty miles from St. 
Louis, Mo. 

Place of Meeting: Place varies 

Local Organization: Engineers’ Club of St 
Louis 

Number of Members: 231 


EXECUTIVE COMMITTEE 


HERBERT KUENZEL, Chairman 

P. H. Buxton, Vice-Chairman 
J.C. PARMELY, Secretary-Treasurer 
G. R. HuGHINsS 

R. C. THUMSER 

R. M. Boyes, ficio 


SAN FRANCISCO 


Organized: 1910 

Territory: All territory north of the north- 
ern boundaries of the counties of San 
Luis Obispo, Kern, and San Bernardino 

Place of Meeting: Engineers’ Club, 206 
Sansome St. 

Luncheon Meetings, Tuesdays, California 
Hotel, Oakland; Thursdays, Engineers’ 
Club, San Francisco 

Local Organization: San Francisco Engi- 
neers’ Club 

Number of Members: 624 


EXECUTIVE COMMITTEE 


ALF HANSEN, Chairman 

L. M. Martin, Vice-Chairman 

F. W. Beicuiey, Secretary-Treasurer 
E. G. GOTHBERG 

W. H. 

E. F. Murpuy 

T. S. VoorHeIs 


JUNIOR GRouP 
. L. IeLenHART, Chairman 


. G. Hernriep, Secretary-Treasurer 
. N. Conner, Seminar Chairman 


SAVANNAH 


Organized: 1923 

Territory: Radius of 125 miles from Savan- 
nah in Georgia 

Place of Meeting: Savannah Hotel 

Local Organization: Engineers’ Council of 
Savannah Chamber of Commerce 

Number of Members: 16 


EXECUTIVE COMMITTEE 


W. L. MINGLEDORFF, JR., Chairman 
A. M. ORMAND, Vice-Chairman 
B. J. Sams, Secretary-Treasurer 


SCHENECTADY 


Organized: As a Branch, 1919; as a Section, 
1927 

Territory: Radius of thirty miles from 
Schenectady, N.Y. 

Place of Meeting: Rice Hall 

Number of Members: 249 


COMMITTEE 


J. H. Notan, Chairman 
D. C. Brecut 
CHARLES CONCORDIA 
C. J. WALKER 

A. O. Wuirte, Secretary 

C. M. GarpINER, Treasurer 
D. R. Epwarps 

F. R. 

J. E. Ryan 


Vice-Chairmen 


SOUTHERN CALIFORNIA 


Organized: 1915 as Los Angeles Section; 
reorganized 1941 

Territory: South of southern boundaries of 
following counties: Monterey, Kings, 
Tulares, and Inyo, Calif. 

Place of Meeting: Barker Bros. Store 

Local Organization: Technical Societies of 
Los Angeles 

Luncheon Meetings Thursdays at 12:00 noon 
at Engineers’ Club 

Number of Members: 634 


EXECUTIVE COM MITTEE 


R. C. Rosuone, Chairman 

B. N. Patm, Vice-Chairman 

J. S. Earnart, Secretary-Treasurer 
E. O. BeraMan 

S. S. HANSEN 

L. V. Horne 

A. R. WEIGEL 


JUNIOR GrRouP 


C. M. SANDLAND, Chairman 
J. I. Brewster, Secretary 


SOUTH TEXAS 


Organized: 1919 

Territory: South Texas and the northern 
part of the State not included in the 
North Texas Section territory 

Place of Meeting: No fixed meeting place, 
but all meetings held in Houston 

Number of Members: 185 


EXECUTIVE COMMITTEE 


V. M. Fatres, Chairman 

JOHN Doacetr, JR., Vice-Chairman 
J. B. T. Downs, Secretary-Treasurer 
W. T. ALLIGER 
D. D. ALTON i 
H. E. DeGLer 

B. W. FARQUHAR 
H. G. HIeseLer 
M. H. Korzesve 
H. F. 
RALPH NEUHAUS 
C. L. Orr 

F. D. Rau 
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SUSQUEHANNA 


Organized: 1927 

Territory: Counties of Cumberland, Dau- 
phine, Lebanon, Adams, York, and Lan- 
caster 

Place of Meeting: Engineering Society of 
York, and at Lancaster twice a year 

Local Organization: Engineering Society 
of York and Engineers’ Society of Penn- 
sylvania, Harrisburg, Pa. 

Number of Members: 90 


EXECUTIVE COMMITTEE 


G. M. Leeson, Chairman 

FE. L. Rogers, Vice-Chairman 

T. K. Brepa, Secretary-Treasurer 
J. A. GALAZZI 

E. W. GALLENKAMP 

ALFRED JONES 

M. M. JONES 

G. L. SMiru 

8S. O. Zook 


SYRACUSE 


Organized: 1920 

Territory: Radius of thirty miles from 
Syracuse, N.Y. 

Place of meeting: Ball Room of the Onon- 
daga Hotel 

Local Organization: The Technology Club 
of Syracuse 

Number of Members: 76 


EXECUTIVE COMMITTEE 


G. I. Vincent, Chairman 

J. A. Kine, Vice-Chairman 
L. Epwarp Porrer, Secretary 
H. T. AVERY 

C. F. Drerz 

W. E. Hopton 

J. W. Linrorp 

E. K. Ruopes 

D. V. SHETLAND 

M. F. WILLIAMS 


TOLEDO 


Organized: 1920 

Territory: Radius of thirty miles from 
Toledo, Ohio 

Place of Meeting: University Club, To- 

ledo, Ohio 

Local Organization: Affiliated Technical 
Societies of Toledo 

Number of Members: 59 


Executive CoM MITTEE 


W. A. NELDEN, Chairman 

R. J. Mueror, Vice-Chairman 
T. L. HALLENBECK, Secretary-Treasurer 
H. D. BENNETT 

R. S. Frorek 

JOHN GILLETT 

GRAVELLE 

J. C. GREINER 

R. J. LENZEN, Jr. 

WILLIAM McCANDLESS 

H. H. Voeer 

ARTHUR VOG@TSBERGER 


TRI-CITIES 


Organized: 1920 


Territory: Radius of thirty miles from 
Moline, Ill. 
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Place of Meeting: Rock Island, Ill., Moline, 
Ill., and Davenport, Iowa. 

Luncheon Meeting every Wednesday, Dav- 
enport Hotel, 12:00 noon 

Number of Members: 75 


EXECUTIVE COMMITTEE 


K. R. Hopees, Chairman 

R. A. Cross, Vice-Chairman 

C. A. Carson, Secretary-Treasurer 
P. E. ANDERSON 

R. M. BARNES 

J. M. HartTMAN 


UTAH 


Organized: 1923 

Territory: State of Utah 

Place of Meeting: University Club, Salt 
Lake City 

Local Organization: Utah Society of Pro- 
fessional Engineers 

Number of Members: 36 


EXECUTIVE COMMITTEE 


H. L. ZETTERMAN, Chairman 

M. B. Hogan, Vice-Chairman 

R. E. KUNKEL, Secretary-Treasurer 
G. W. CARTER 

D. A. ELKINS 

J. D. RoBerts 


VIRGINIA 


Organized: 1919 

Territory: State of Virginia 

Place of Meeting: Richmond, Norfolk, 
Blacksburg, Charlottesville, Roanoke, 
University, Petersburg 

Local Organization: Central Virginia En- 
gineers Club of Hampton Roads 

Number of Members: 236 


EXECUTIVE COM MITTEE 
D. A. Rogers, Chairman 
Vice-Chairmen 
J. B. Jones, Secretary 
W. J. BARBER, Treasurer 
G. T. ABERNATHY 
E. W. Bowen 
D. H. GRENOBLE 
A. B. Hetrrick 
A. F. MACCONOCHIE 
EDWARD PRINGLE 


WASHINGTON, D.C. 


Organized: 1919 

Territory: District of Columbia 

Place of Meeting: Auditorium, Potomac 
Electric Power Co., 10th & E Sts., 
Washington, D.C. 

Number of Members: 485 


EXECUTIVE COMMITTEE 


M. A. Mason, Chairman 

MICHEL, Vice-Chairman 

C. E. Berspericnu, Secretary-Treasurer 
E. J. H. LANE 

C. E. MILLer 

F. Everett REeEp, JR. 

A. W. SHERWOOD 


WATERBURY 


Organized: 1917, as a Branch; reorganized 
as a Section, 1923 


RI-21 


Territory: Litchfield County and a portion 
of New Haven County 

Place of Meeting: Elton Hotel 

Number of Members: 79 


EXECUTIVE COM MITTEE 


C. M. WarNER, Chairman 

J. Heartr Ravus, Vice-Chairman 
A. W. Miner, Secretary-Treasurer 
H. C. ASHLEY 

J. R. Hicks 

P. E. PETERSEN 

T. M. RIANHARD 

E. W. SopeRBERG 

R. S. Storrs 


WESTERN MASSACHUSETTS 


Organized: 1922 

Territory: Includes counties of Berkshire, 
Franklin, Hampden, and Hampshire 

Place of Meeting: Highland Hotel, Spring- 
field, Mass. 

Local Organization: Engineering Society of 
Western Massachusetts 

Number of Members: 102 


EXECUTIVE COM MITTEE 


J. R. CONNELLY, Chairman 

Sipney Low, Vice-Chairman 

D. A. BarTLeTT, Secretary-Treasurer 
LEO KRESSER 

A. V. DEMARCO 

R. A. PacKarb, E.r-Officio 


WESTERN WASHINGTON 


Organized: 1919 

Territory: State of Washington west of 
Columbia River with exception of terri- 
tory included in 30-mile radius of Port- 
land, Ore. 

Place of Meeting: Engineers’ Club, Seattle, 
Wash. 

Local Organization: 
Club 

Luncheon Meetings daily at noon at Engi- 
neers’ Club, Seattle 

Number of Members: 212 


Seattle Engineers’ 


EXECUTIVE COM MITTEE 


4. ROCKWELL, Chairman 

‘. MARTINSON, Vice-Chairman 
B. Cooper, Secretary-Treasurer 
L. Dyer 
F. LAMSON 
T. McMINN 
E. MESSER 


WEST VIRGINIA 


Organized: 1925 

Territory: State of West Virginia, South 
of Parallel 39 

Place of Meeting: Charleston, W.Va. 

Number of Members: 84 


EXECUTIVE COMMITTEE 


R. D. Wess, Chairman 

L. B. McQuatpe, Jr., Seeretary-Treasurer 
DoNALD THOMPSON, Assistant Secretary 
M. C. Brooke 

E. 8S. Brown 

H. L. CARSPECKEN 

C. B. CocHRANE 

D. S. Frank 

H. B. HicKMAN, Ex-Officio 
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WORCESTER 


Organized: 1915 

Territory: Radius of thirty miles from 
Worcester, Mass. 

Place of Meeting: Sanford Riley Hall, 
Worcester Poly. Inst. 

Local Organization: Worcester Engineer- 
ing Society 

Number of Members: 126 

EXeECUTIVE COMMITTEE 

F. W. Chairman 

C. C. Tucker, Secretary-Treasurer 

F. E. BAILey 

L. R. 

L. J. Hooper 


E. H. 
R. T. Totma 


YOUNGSTOWN 


Organized: 1928 

Territory: Counties of Trumbull, Mahon- 
ing, and Columbiana in Ohio, and 
Mercer and Lawrence in Pennsylvania 

Place of Meeting: Republic Rubber Co. 
Club Rooms, Albert St., Youngstown. 
Ohio 

Number of Members: 61 


EXECUTIVE COM MITTEE 


H. W. Smiru, Chairman 

L. A. KLINE, Vice-Chairman 

C. W. Foarp, Secretary-Treasurer 
F. J. Bowers 

C. H. LEGLER 

W. J. LONGACHER 

H. MELIN 
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STUDENT BRANCHES 


ArTICLE B6A, Par. 20: The Standing Committee on Relations With Colleges shall, under 
the direction of the Council, have supervision of the Student Branches of the Society and of 
such work of the Society as aims to further the education of engineers through the colleges 


and schools of accepted standing. 


STANDING COMMITTEE, RELATIONS WITH COLLEGES 


G. L. SULLIVAN, Chairman (1945) 
R. P. Reece (1946) 

H. J. Brown (1947) 

HERBERT KUENZEL (1948) 

H. R. PEARSON (1949) 


C. C. Davis, Junior Adriser 


E. STANLEY AULT 
N. P. BAILey 

D. S. CLARK 

W. J. Cope 

R. H. Porrer 


(1945) 


Communicate with Student Branch through Honorary Chairman 


Name and Location 


Akron, Univ. of, Akron, Ohio 
Alabama Polytechnic Inst.,. Auburn, Ala. 
Alabama, Univ. of, University. Ala. 
Arizona, Univ. of, Tueson, Ariz. 
Arkansas, Univ. of, Fayetteville, Ark. 
British Columbia, Univ. of. Vancouver, B.C 
Brown Univ., Providence. 
Bucknell Univ.. Lewisburg. Pa. 
California Inst. of Tech.. Pasadena. Calif. 
California, Univ. of, Berkeley, Calif. 
Carnegie Inst. of Tech., Pittsburgh, Pa. 
Case School of Applied Science, Cleveland, Ohio 
Catholic Univ. of America, Washington, D.C. 
Cincinnati, Univ. of, Cincinnati, Ohio 
Clarkson College of Tech., Potsdam, N.Y. 
Clemson A.&M. College, Clemson College, S.C. 
Colorado State College of A.&M. Arts, Ft. Collins. Colo. 
Colorado, Univ. of, Boulder Colo. 

Colorado School of Mines Div., Golden 
Columbia Univ... New York. 
Connecticut, Univ. of, Storrs, Conn. 


Can. 


Cooper Union Inst. of Tech... New York, N.Y. 

Cooper Union Night School of Engineering. New York. 
N.Y. 

Cornell Univ., Ithaca, N.Y. 

Delaware, Univ. of, Newark, Del. 

Detroit, Univ. of, Detroit, Mich. 

Drexel Inst. of Tech., Philadelphia, Pa. 

Duke Univ., Durham, N.C. 

Florida, Univ. of, Gainesville, Fla. 

George Washington Univ., Washington, D.C. 

Georgia School of Tech., Atlanta, Ga. 

Idaho, Univ. of, Moscow, Idaho 

Illinois Inst. of Tech., Chicago, Tl. 

Illinois, Univ. of. Urbana, Il. 

Iowa State College, Ames, Iowa 

lowa, State Univ. of, Iowa City, lowa 

Johns Hopkins Univ., Baltimore, Md. 

Kansas State College, Manhattan, Kan. 

Kansas, Univ. of, Lawrence, Kan. 

Kentucky, Univ. of, Lexington, Ky. 

Lafayette College, Easton, Pa. 

Lehigh Univ., Bethlehem, Pa. 

Louisiana State Univ., University, La. 

Louisville, Univ. of, Louisville, Ky. 

Maine, Univ. of, Orono, Maine 

Marquette Univ., Milwaukee, Wis. 

Maryland, Univ. of, College Park, Md. 

Massachusetts Inst. of Tech., Cambridge, Mass. 

Michigan College of Min. & Tech., Houghton, Mich. 

Michigan State College, East Lansing, Mich. 

Michigan, Univ. of, Ann Arbor, Mich. 

Minnesota, Univ. of, Minneapolis, Minn. 

Mississippi State College, State College, Miss. 

Missouri School of Mines & Metallurgy, Rolla, Mo. 

Missouri, Univ. of, Columbia, Mo. 


* Inactive. 


Year 
Author- 
ized 
1924 
1920 
1931 
1937 * 
1910 
1938 
1923 
1916 
1914 
1912 
1913 
1913 
1922 
1909 
1930 
1921 
1914 * 
1914 
1909 
1941 


1920 


1920 
1908 
1929 
1930 
1920 
1935 
1926 * 
1924 
1915 
1925 
1940 
1909 
1919 
1913 * 
1917 
1914 
1909 
1911 * 
1919 
1911 
1916 
1928 
1910 
1923 
1937 
1909 
1930 
1917 
1914 
1913 
1926 * 
1930 
1909 * 


Chairman 


T. J. FISTer 


J. V. Berry 

J. L. BRYANT 

R. T. JENKINS 
WILLIAM Bonpb 

C. J. Wooparp 
FRANK KLOocK 

D. C. Saytor, Jr. 
M. J. Toru 

R. E. Liprert 

E. M. CHILDERHOSE 


L. J. FANEUF 


FRANK ZIMMERMAN. 


JR. 
Ropert KLINT 


R. J. Nacy 

Burt FISHER 

A. C. ELKINS 

E. O. BerpaHL 

J. E. Bour 
JOSEPH Doss 
Roy NORRLANDER 
R. W. Fouts 

F. J. HUNTER 
PAUL RITTERHOFF 
C. L. ScHwAB 
W. L. Srecerist 
J. E. Rusa 
MARTIN BrROSSMAN 
M. W. Fosster 
Max Laat 

JOHN ZUERCHER 
Cook 
W. J. Harwick 
RALPH LAUMER 
WILLIAM MILLER 
DANIEL DRISCOLL 
R. L. 


Secretary 


A. M. LARUE 


DYKE 

G. A. Lioyp 
GEORGE MELROSE 

C. E. Eppy 

A. J. ACOSTA 

H. W. GREBE 

E. E. Smeets 

F. J. PRInce 

W. H. FRIEDLANDER 
Epwarp BorowIec 


D. J. SENGSTAKEN 
M. J. MARINAcCIO 


EVELYN KERN 


. Appy 

. McFAppEN 
. WILLIAMS 
H. S. 
W. C. 
WILLIAM ABBOTT 
JOHN ERICKSON 
J. C. McGratu 

D. G. FLADLIEN 
RICHARD SCHIFLER 
R. F. Smiru 

H. A. 

R. A. BRAUBURGER 
WILLARD MURRAY 
CALHOUN SUMRALL 
R. S. JoHNSON 
THoMAS CASSIDY 
ROBERTA FLANIGAN 
W. J. McKay 
DELEVAN YOUNG 
CONSTANCE Hutty 
Kent HopkKINS 

D. C. Myntti 


Advisory 
Members 
(1945) 


RI-23 


Honorary Chairman 


F. S. GRIFFIN 

C. R. Hrxon 

D. H. SHENK 

R. G. Pappock 
W. O. RICHMOND 
P. N. KIstTLer 

+. M. KUNKEL 
R. L. DAUGHERTY 
E. F. 
D. C. SAYLoR 

F. H. Vose 

M. E. WESCHLER 
C. A. JOERGER 
Epwarp McHvucHu 
B. FE. FeERNow 


J. E. ENGuuxp 
K. P. HANSON 


W. A. Vopat 


E. A. SALMA 

G. H. Lee 

Leo BLUMBERG 

H. J. McAvutay 
KENNETH RIpvir 
E. S. THEISS 

B. C. CruIcKSHANKS 
R. L. ALLEN 

H. F. Gauss 

R. A. BUDENHOLZER 
K. J. TRIGGER 

C. T. GRAcE 

F. W. KouwENHOVEN 
LINN HELANDER 

M. L. Hicks 

P. E. Eaton 

F. V. LARKIN 
WILLIAM WHIPPLE 
H. H. Fenwick 

I. H. PRAGEMAN 

J. E. ScHoEN 
CHARLES SHREEVE 
W. A. Murray 

A. P. Youne 

J. M. CAMPBELL 

F. L. ScHWARTZ 
Futton HOoLtTsy 
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Name and Location 


Montana State College, Bozeman, Mont. 

Nebraska, Univ. of, Lincoln, Neb. 

Nevada, Univ. of, Reno, Nev. 

Newark College of Engineering, Newark, N.J. 

New Hampshire, Univ. of, Durham, N.H. 

New Mexico State College of A.&M. Arts, State College, 
New Mex. 

New Mexico, Univ. of, Albuquerque, New Mex. 

New York, College of the City of, New York, N.Y. 

New York Univ. (Day School), New York, N.Y. 

New York Univ. Evening School, New York, N.Y. 

North Carolina State College, Raleigh, N.C. 

North Dakota Agricultural College, Fargo, N.D. 

North Dakota, Univ. of, Grand Forks, N.D. 

Northeastern Univ., Boston, Mass. 

Northwestern Univ., Evanston, Ill. 

Notre Dame, Univ. of, Notre Dame, Ind. 

Ohio Northern Univ., Ada, Ohio 

Ohio State Univ., Columbus, Ohio 

Oklahoma A.&M. College, Stillwater, Okla. 

Oklahoma, Univ. of, Norman, Okla. 

Oregon State Agricultural College, Corvallis, Ore. 

Pennsylvania State College, State College, Pa. 

Pennsylvania, Univ. of, Philadelphia, Pa. 

Pittsburgh, Univ. of, Pittsburgh, Pa. 

Polytechnic Inst. of Brooklyn, Brooklyn, N.Y. 

Polytechnic Inst. of Brooklyn Evening School, Brooklyn, 

Pratt Inst., Brooklyn, N.Y. 

Princeton Univ., Princeton, N.J. 

Puerto Rico, Univ. of, Mayaquez, P.R. 

Purdue Univ., West Lafayette, Ind. 

Queen’s Univ., Kingston, Ont., Can. 


Rensselaer Polytechnic Inst., Troy, N.Y. 

Rhode Island State College, Kingston, R.I. 

Rice Inst., Houston, Tex. 

Rose Polytechnic Inst., Terre Haute, Ind. 

Rutgers Univ., New Brunswick, N.J. 

Santa Clara, Univ. of, Santa Clara, Calif. 

South Dakota State College, Brookings, S.D. 

Southern California, Univ. of., Los Angeles, Calif. 

Southern Methodist Univ., Dallas, Tex. 

Stanford Univ., Stanford University, Calif. 

Stevens Inst. of Tech., Hoboken, N.J. 

Swarthmore College, Swarthmore, Pa. 

Syracuse Univ., Syracuse, N.Y. ‘és 

Tennessee, Univ. of, Knoxville, Tenn. 

Texas, A.&M. College of, College Station, Tex. 

Texas Technological College, Lubbock, Tex. 

Texas, Univ. of, Austin, Tex. 

Toronto, Univ. of, Toronto, Ont., Can. 

Tufts College, Tufts College, Mass. 

Tulane Univ. of Louisiana, New Orleans, La. 

U.S. Naval Academy, Postgraduate School, Annapolis, 
Md. 

Utah, Univ. of, Salt Lake City, Utah 

Vanderbilt Univ., Nashville, Tenn. 

Vermont, Univ. of, Burlington, Vt. 

Villanova College, Villanova, Pa. 

Virginia Polytechnic Inst., Blacksburg, Va. 

Virginia, Univ. of, University, Va. 

Washington, State College of, Pullman, Wash. 

Washington Univ., St. Louis, Mo. 

Washington, Univ. of, Seattle, Wash. 

West Virginia Univ., Morgantown, W.Va. 

Wisconsin, Univ. of, Madison, Wis. 

Worcester Polytechnic Inst., Worcester, Mass. 

Wyoming, Univ. of, Laramie, Wyo. 

Yale Univ., New Haven, Conn. 


* Inactive. 


Year 
Author- 
ized 
1920 
1909 
1928 * 
1924 
1926 


1938 
1935 
1922 
1909 
1933 
1920 
1929 
1923 * 
1922 
1935 
1929 
1922 
1911 
1921 
1917 
1909 
1909 
1925 
1917 
1909 


1909 * 
1923 
1926 
1923 * 
1909 
1941 


1910 
1930 
1926 
1926 
1920 
1925 
1935 * 
1929 
1933 
1909 
1908 
1921 
1912 
1923 
1921 
1930 
1921 
1933 
1917 
1933 


1925 * 
1923 
1928 * 
1922 
1925 
1915 
1923 
1920 * 
1911 
1917 
1922 
1909 
1914 
1925 * 
1910 
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Chairman 


R. J. PIKE 
JOSEPH NISHIMURA 


JOHN BAKER 


C. A. A. RowLAnp, JR. 


ROLLIN SCHNEIDER 
SEYMOUR TILLES 
LEONARD GANZ 
S. J. Rupy 

C. A. DILLON 
SAMUEL HEss 
A. L. CHASE 
GeorGeE FRUTH 
A. L. ANDERSON 
GrorGE HADAWAY 
W. T. CLarkK 
Roy Kirk 

B. G. THACKER 
Davip KLING 

A. J. SCHAFFER 
M. A. Oross 
Ropert ScHorrR 
IRWIN STERN 


J. H. 
G. D. ADAMS 


ROBERT JOHNSON 
N. D. ANDREWS 

A. J. CHAPMAN 
RoBert GILLUM 

T. K. Gipson 

JOHN BEVIS 
KENNETH MAcLeop 
KELYEA 

S. F. DANKENBRING 
DANIEL WINGERD 
WILLIAM JACOB 

T. C. Harbin 

B. W. Levy 

ELBert RANKIN 
PauL Woo.ricH 

A. R. HAMILTON 
SUMNER MYERS 

J. A. COCHRANE 


J. M. MILiet 

J. R. Puccr 

H. R. 

E. B. MEINENS 

J. L. HUMPHREY 
F. C. PrircHarp 
W. R. WENnT, JR. 
RICHARD NIETERT 


MACAULEY WHITING 


Secretary 


C. R. PILeeRAM 
H. R. WALTERS 
E.L. Lasagne 
Ropert WAKEMAN 


Eva BLANCHARD 

R. E. Burns 
RIcHARD HARVEY 
BERNARD MEYLACH 
C. G. GLICKMAN 

E. D. FRAZIER 
NORMAN MICKELSON 
R. G. Briaes 

E. L. BARNETT 

T. M. CUNNINGHAM 
So. Lieut 

D. A. JARVIS 

Mary EAGer 

E. W. Gray, JR. 
DAVID OFFNER 

W. L. FarrcHILp 
C. F. SEYBOLD 
GALE KENNEY 
Ropert DANIELS 


SEcorRD 


D. K. Rex 

O. R. PANSA 

G. E. ALLISON 
STEPHEN LIDDLE 
RIcHARD RUMNEY 
JOSEPH SPILLANE 
JOHN NASH 
ELBERT MARSHALL 
J. W. SCHINDELER 
JOHN EASTER 
JACK SILVERMAN 
Mary P. FAIN 

A. S. 
CARL JENSEN 
Ropert BurRNS 

G. W. Frey 

R. D. Smiru 

J. L. PRENDERGAST 


H. P. MARSHALL 

F. G. 
MINOLL IWASAKI 
VIRGINIA P. PLatr 
R. E. Hewitt 
IRVING WEINBERG 
CUSHING BozENHARD 


Honorary Chairman 


R. E. Grpss 
W. F. WEILAND 


TENKO KAUPPINEN 


A. M. LUKENS 

H. F. Munn 

C. H. Kent 

F. L. SIncer 

F. L. SINGER 

T. C. Brown 

R. M. 

F. A. STEARNS 

J. F. 

C. R. Eery 

A. R. Wess, Acting 
Eric LINDAHL 

C. M. LEonarp 

E. F. Dawson 
CHESTER ARENTS 

C. L. ALLEN 

SERGE GRATCH 

J. A. DENT, Acting 
E. F. Cyurcu 


K. E. Quier 


R. W. LEUTWILER, Jr. 


Mas. GENL. E. 
ScHMIDLIN 

K. H. 

E. L. CARPENTER 

J. B. T. Downs 

Epwarp EcKERMAN 

C. O. Jr. 

G. L. SULLIVAN 

S. F. DuNcAN 

C. H. SHUMAKER 

W. A. Mason 

K. J. Moser 

MARK Moore 

. MINARIK 

. THOMAS 

. H. THompson 

. POWERS 

. DEGLER 

. SMITH 

. FISHER 

. MAYER 


. CHAPMAN 
. MOREHOUSE 


R. R. TucKer 
L. B. Cooper 
H. M. 
P. S. Myers 
L. J. Hooper 


S. W. DupLey 
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RESEARCH COMMITTEES 


RI-25 


ArTIcLe B6A, Par. 24: The Standing Committee on Research shall, under the direction of 
the Council, have supervision of the research activities of the Society. 


The first Standing Committee on Research was organized in 1909. 


STANDING COMMITTEE 


W. R. Eusey, Chairman (1945) 
J. F. Downie SMITH (1946) 
HerMAN WEISBERG (1947) 

G. A. HAWKINS (1948) 

To be appointed (1949) 


LUBRICATION 


Appointed October, 1915, to investigate the 
fundamental problems of lubrication, to 
formulate results of investigations previ- 
ously made, and to keep in touch with 
contemporary research in this field 


(Reorganized May, 1936) 


B. L. NEWKIRK, Chairman 
S. J. Neeps, Secretary 
A. L. BEALL 

W. E. CAMPBELL 


P. G. EXLINE 

A. E. FLOWERS 
J. C. GENTESSE 
RAYMOND HASKELL 
M. D. Hersey 
B. F. HUNTER 
C. M. Larson 
F. C. LINN 

S. A. McKEE 

E. S. PEARCE 
Ernest WOOLER 
W. A. ZISMAN 


FLUID METERS 


Appointed 1916 to develop the theory of 
fluid meters of all kinds and to report on the 
best methods for their installation and use 


(Reorganized July, 1926) 


. BEAN 


R. K. BLANCHARD 
B. O. BUCKLAND 
Louis Gress 

E. W. Jacosgson 
A. J. Kerr 

T. BH. Kerr 

I. O. MINER 

M. P. O’Brien 
W. S. Parpor 

L. K. Spink 

R. E. SPRENKLE 
T. R. WeymoutH 
M. J. Zucrow 


STRENGTH OF GEAR TEETH 


Appointed in December, 1921, to investigate 
factors affecting the strength and life of 
gear teeth 


R. E. FLANpERs, Chairman 
C. H. Loaur, Secretary 
EarLe BUCKINGHAM 

A. M. Greene, Jr. 

C. W. Ham 

F. E. McMuLLEN 

E. W. 

ERNEST WILDHABER 


METAL CUTTING DATA AND 
BIBLIOGRAPHY 


Appointed in September, 19238, to study the 
problems of metal cutting, including tool 
materials, tool design, speeds and feeds 


(Reorganized December, 1943) 
E. MARTELLoTTI, Chairman 


CUTTING FLUIDS 
Appointed in September, 1923, to study the 


. problems of metal cutting, including lubrica- 


tion and cooling 
(Reorganized December, 1943) 


O. W. Boston, Chairman 
J. T. Bearp 

J. GESCHELIN 

F. W. Lucut 

M. E. MARTELLOTTI 

W. H. OLpAcrE 

Don WANGELIN 

G. P. WitteEMAN 


MECHANICAL SPRINGS 


Appointed May, 1924, to determine the 

status of the mechanical-spring art, to pro- 

mote and conduct necessary and adequate 

research, and to develop the art to the point 
of standardization 


. R. TowNsenpn, Chairman 
. T. Epcerton, Secretary 

. D. Brizzovcara, Alternate 
R. W. Cook 

W. T. DonKIN 

RupEN EKSERGIAN 

G. E. HANsEeN 

BENJAMIN LIEBOWITZ 
Davin Lorts 

D. J. McApam, JR. 

L. C. PeskKINn 

R. E. PeTrerson 

J. W. RocKEFELLER, JR. 
B. W. St. CLamr 

M. F. Sayre 

T. R. WEBER 

Kerra WILLIAMS 

J. K. Woop 

F. P. ZIMMERLI 


ELEVATORS 


Appointed June, 1924, to study the func- 
tion and operation of elevator safeties and 
buffers and their associated mechanisms 
and to develop methods of test for the ap- 
proval of elevator safety devices 


(Reorganized August, 1940) 


D. J. Purtnton, Chairman 
J. A. Dickinson, Secretary 


S. W. Jones, Ez-Officio 

E. M. Bouton 

C. R. Cattaway, Alternate 
K. A. CoLAHAN 


EFFECT OF TEMPERATURE ON THE 
PROPERTIES OF METALS 


Appointed December, 1924, as a Joint Re- 
search Committee of the A.S.T.M. and the 
A.S.M.E. to encourage the investigation 
and accumulation of data on the properties 
of metals used in the mechanic arts at 
extremely high and low temperatures 


N. L. Mocuet, Chairman 
H. J. Kerr, Vice-Chairman 
J. W. Boiron, Secretary 


A 

A 

F 

Cc 

E 

F. B. Fotey 

J. R. FREEMAN, JR. 
H. J. Frencu 

H. W. GIietr 

A. J. Herzie 

G. F. JenxKs 

J. J. KANTER 

C. E. MacQuiae 

R. F. MILier 

E. L. Rosrinson 

J 
A 


Director, National Bureau of Standards. 
U.S. Department of Commerce 

Representative of Bureau of Ships, U.S 
Navy Department 


BOILER FEEDWATER STUDIES 


Appointed March, 1925, as a Joint Research 
Committee of the American Boiler Manu- 


facturers Association, American Railway 


Engineering Association, American Water 
Works Association, Edison Electric Insti- 
tute, the American Society for Testing Ma- 
terials, and the A.S.M.E. to study methods 
of analysis and treatment of boiler feed- 
water for stationary and railroad practice 


EXECUTIVE CoM MITTEE (Total personnel, 41) 


C. H. Fettows, Chairman 

R. C. BARDWELL, Vice-Chairman 
J. B. Romer, Secretary 

A. G. CHRISTIE * 

R. E. CouGHLaNn 

B. W. De GEER 

Max Hecut 

H. E. Jorpan 

P. B. PLace 


(Continued) 


* Official A.S.M.E. representative serv- 
ing on this committee. 


G. P. Keocu 
J. J. Matson 
W. S. Parne 
j C. A. Perers 
O. W. Boston 
W. C. De GraFr 
F. M. FISHER 
T. F. Grrnens 
M. E. LANGE 
F. J. OLIVER 
C. J. Wiper 
H. A. EveRetT 
q 
Jr. 
R. J. S. Prcorr, Chairman 
J. R. Cariton, Secretary 
S. R. Berrter 
4 
q 
3 


RI-26 


BOTLER FEEDWATER STUDIES 
(Continued) 


S. T. 
F. N. SPELLER 
M. F. Stack 
G. E. Tate 

E. H. TENNEY 
A. E. WHITE * 


CONDENSER TUBES 


Appointed May, 1925, to investigate and 

report on the causes of failure of tubes used 

in steam condensers and similar heat inter- 
change apparatus 


. E. Wuite, Chairman 
. C. WEEKS, Vice-Chairman 
A. BANCELL 

. Y. BASSETT 

A. BowMAN 

S. BuNN 

. K. CRAMPTON 

A. CRAWFORD 

. M. CusHING 

. E. DILLON 

O. Evans 

R. FREEMAN, JR. 


Director, Bureau of Ships, U.S. Navy De- 
partment 


WORM GEARS 


Appointed May, 1927, to investigate certain 

problems in connection with the action of 

worm gear drives and to recommend im- 

provements in their design, manufacture, 
and wse 


EARLE BUCKINGHAM, Chairman 

G. H. ACKER 

L. R. BUCKENDALE 

A. A. Ross 

B. F. WATERMAN 

Representative of Bureau of Ships, USS. 
Navy Department 


STRENGTH OF VESSELS UNDER 
EXTERNAL PRESSURE 


Appointed June, 1929, to develop reliable 

design data on the strength of cylindrical 

and spherical surfaces under external pres- 

sure, particularly with reference to jacketed 
vessels 


F. V. HartMAN, Chairman 
M. B. Hiecins 
. C. KortTEN 
H. E. SAUNDERS 
E. E. SHANOR 
R. G. Sturm 
D. B. WEssTRoM 
F. 8S. G. WILLIAMS 


D. F. WINDENBURG 
Dana YOUNG 
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WIRE ROPE 


Appointed April, 1980, to investigate evist- 
ing rope so that it may be better understood 
and more effectively used 


W. H. Chairman 
H. LeR. Brink 

G. W. MartTIN 

A. H. 

B. V. E. NorpBero 

W. S. Paine 

W. J. Ryan 

GrorGE SIMPSON 

L. E. Youne 


CRITICAL PRESSURE STEAM 
BOILERS 


Appointed June, 1931, to study the char- 
acteristics of high-pressure forced-circula- 
tion steam-generating units 


q 


. L. Chairman 
. H. ARMACOST 
. D. BAaILey 

. G. BAILEY 

L. CLarkK 

. S. CLARK 

. H. Fettows 

. J. Kerr 

. C. PETRIE 

. L. Ropinson 

. W. THOMPSON 


PLASTIC FLOW OF METALS 


Appointed October, 1938, to study plasticity 
in the particular field of rolling of steel 


A. L. Napat, Chairman 

C. W. MacGrecor, Secretary 
E. C. BAaIn 

C. L. EKSERGIAN 

LEVAN GRIFFIS 

J. H. Hircucock 

W. P. Roop 

M. D. Stone 

W. TRINKS 


FURNACE PERFORMANCE FACTORS 


Appointed in October, 1941, to collect and 

rationalize data on the performance of com- 

mercially important furnaces as an aid to 
design and operation 


A. R. MuMmForp, Chairman 
JOHN BLIZARD 
S. P. BurKEe 

O. F. CAMPBELL 
W. A. CARTER 
B. J. Cross 

T. B. Drew 

F. G. Ery 

A. C. FIELDNER 
J. H. Hartow 
H. C. Horrei 

E. L. LINDsSETH 
W. H. McApams 


. RAYMOND 
. T. Rew 
. C. ScHROEDER, Alternate 
R. A. SHERMAN 
PHILIP SPorRN 
A. W. THORSON 
HERMAN WEISBERG 
W. J. WoOHLENBERG 


FORGING OF STEEL SHELLS 


Appointed in October, 1941, to study meth. 
ods of shell manufacture under modern 
conditions 


M. D. Stone, Chairman 

W. Trinks, Projects Director 
JOHN DIERBECK 

M. S. Evans 

D. W. FLETCHER 

W. M. FRAME 

W. N. Howey 

A. F. MACCONOCHIE 

W. P. Muir 

A. L. NADAI 

A. R. NETTENSTROM 

GrorGE SACHS 

A. E. VAN CLEVE 

U.S. Army, Ordnance Department 
U.S. Navy, Bureau of Ordnance 


DEMOLITION BOMB BODIES 


Appointed in October, 1948, to study 
methods of demolition bomb body manufac- 
ture under modern conditions 


M. D. Stone, Chairman 

W. O. CLINEDINST, Secretary 
W. Trinks, Projects Director 
G. M. Crorr 

F. C. Fantz 

W. M. FRAME 

R. FuRRER 

J. M. Hopkins 

H. B. Lieeetr 

A. L. NADAI 

GEORGE SACHS 

U.S. Army Ordnance Department 
U.S. Navy, Bureau of Ordnance 


INTERNAL-COMBUSTION ENGINES 


Appointed in September, 1944, to prosecute, 
correlate, analyze, and report on research 
relating to efficiency, reliability, mainte- 
nance, and operating conditions of internal- 
combustion engines 


LEE SCHNEITTER, Chairman 
W. L. H. DoyLe 

M. A. ELLiotrr 

C. W. Goop 

W. F. JoAcHIM 


A.S.M.E. Representatives on 
Other Research Committees 


See also A.S.M.E. Representatives on Other 
Activities, page RI-9 


AMERICAN COORDINATING COMMIT. 
TEE ON CORROSION 


American Society for Testing Materials 
C. H. FELLows 


S. L. Kerr 
FATIGUE PHENOMENA OF METALS 


American Society for Testing Materials 
C. T. Epcerton 
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METALLURGICAL RESEARCH PROPERTIES OF REFRACTORY WATER FOR INDUSTRIAL USES 
Advisory Committee to the National Bureau American Society for Testing Materials 
mn 5 of Standards Advisory Committee to the National Bureau J. H. Wararn 


of Standards 
E. B. Poweu 


C. H. BrerBaum 
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STANDARDIZATION COMMITTEES 


ARTICLE B6A, Par. 23: The Standing Committee on Standardization shall advise the 
Council on the dimensional standardization work of the Society, including relations with the 
American Standards Association. 


The first Standing Committee on Standardization was organized in April, 1911 


STANDING COMMITTEE 


W. H. Hitt, Chairman (1945) 
J. Taytor (1946) 

E. J. BRYANT (1947) 

D. (1948) 

To rah appointed (1949) 


STANDARDIZATION AND UNIFICA- 
TION OF SCREW THREADS (B1) 


* Joint sponsorship with the Society of 

Automotive Engineers. Sectional Committee 

originally organized in June, 1921. Reor- 
ganized in May, 1929 


A.S.M.E. Members (Total personnel, 37) 


E. J. Bryant, Chairman 
A. M. Houser, Vice-Chairman t+ 
EARLE BUCKINGHAM 

G. Case 

T. G. CRawForpD 

L. W. Alternate 
H. C. E. MEYER 

P. V. MILLER 

W. C. MUELLER 

R. H. Perry 

G. T. TRUNDLE 


SUBCOMMITTEE CHAIRMAN 


No. 7 on Screw Threads for High Tempera- 
ture Bolting, W. H. Gour ir 


PIPE THREADS (B2) 


* Joint sponsorship with the American Gas 

Association. Sectional Committee originally 

orgenized in 1918. Reorganized December, 
1927 


A.S.M.E. Members (Total personnel, 37) 


. S. MILter, Chairman 

. B. LePage, Acting Secretary 
. F. BREITENSTEIN 

. J. BRYANT 

. S. CoRNELL, JR. 


. Houser 

KATTELLE 

. MILLER 

. MoREHEAD 
SHANNON 

. TISHLARICH 
FRANK THORNTON, JR. 
RowWLaND TOMPKINS 
B. B. WEscoTT 
J. H. 


OP Op 


SUBCOM MITTEE CHAIRMAN 


No. 1 on Editing and Gaging, A. M. Houser 


* Note: All of these standards committees 
for which the Society is sponsor or joint 
sponsor, or on which it has representation, 
are organized under the procedure of the 
American Standards Association. 

+ Official A.S.M.E. representative serving 
on this committee. 


BALL AND ROLLER BEARINGS (B3) 


* Joint sponsorship with the Society of 
Automotive Engineers. Sectional Committee 
organized December, 1920 


A.S.M.E. Members (Total personnel, 19) 


W. P. Kennepy, Vice-Chairman t 
D. E. BATESOLE t+ 

L. A. CUMMINGS 

O. H. Dorer 

F. G. HucHEs 

G. E. 

W. L. Ivirr 

L. F. NENNINGER 

S. M. WEcKSTEIN + 

ERNEST WOOLER 


ALLOWANCES AND TOLERANCES 
FOR CYLINDRICAL PARTS AND 
LIMIT GAGES (B4) 


* Sole sponsorship. Sectional Committee 
originally organized in June, 1920. Reor- 
ganized in December, 1930 


A.S.M.E. Members (Total personnel, 36) 


J. E. Lovety, Chairman 
F. E. BANFIELD, JR. 
F. S. BLAcKALL, JR. 
E. J. BRYANT 
ARLE BUCKINGHAM . 
CoLvIN t 
. CRAWFORD 
W. Harrison 
HoaGLaND 
JACOBI 

E. MEYER 
MILLER 

MUELLER 

PEcK 
PERRY 
ScHOENFELDT 
STEVENS 
TRUNDLE, JR. 


G 
E. 
2. 
_N. 
. C. 
Ws 
.C. 
.C. 
Ay 


SMALL TOOLS AND MACHINE TOOL 
ELEMENTS (B5) 


* Joint sponsorship with the National Ma- 

chine Tool Builders’ Association, and the So- 

ciety of Automotive Engineers. Sectional 
Committee organized September, 1922 


A.S.M.E. Members (Total personnel, 33) 


W. C. MUELLER, Chairman t 
F. O. HOAGLAND, Vice-Chairman 
J. B. ARMITAGE 

O. W. Boston 

E. J. BRYANT 

BUCKINGHAM 

F. H. Cotvin 

S. A. 

J.P. Gm 

H. E. Harris 

JOHN Haypock 

J. P. Lavxt 

J. E. Lovery 

A. F. Murray t 

Errk Opere t+ 

FRANK THORNTON, JR. 


TECHNICAL COMMITTEES 


EXEcUTIVE COMMITTEE 
A.S.M.E. Members (Total personnel, 5) 


W. C. MUELLER, Chairman 
F. O. Vice-Chairman 
H. E. Harris 


No. 1 on 
A.S.M.E. Members (Total personnel, 7) 


Errk Operc, Chairman 
J. B. ARMITAGE 

Harry CADWALLADER, JR. 
S. A. EINSTEIN 

F. O. HoaGianp 


No. 2 on Toot-Posts anp Too. SHANKS 
A.S.M.E. Members (Total personnel, 8) 


O. W. Boston, Chairman 
F. BLAcKALL, JR. 
GRANGER DAVENPORT 

M. E. LANGE 


No. 3 ON MACHINE TAPERS 
A.S.M.E. Members (Total personnel, 20) 


E. J. Bryant, Chairman 
J. B. ARMITAGE 

F. S. BLACKALL, JR. 
EARLE BUCKINGHAM 


F. NENNINGER 


No. 4 ON SPINDLE NOSES AND COLLETS FOR 
MAcHINE TOOLS 


A.S.M.E. Members (Total personnel, 26 


J. E. Lovety, Chairman 

L. F. NENNINGER, Necretary 
J. B. ARMITAGE 

H. W. Favs 

B. P. GRAVES 

F. O. HOAGLAND 

A. M. JoHNSON 

M. E. LANGE 

J. H. MANSFIELD 

L. D. SPENCE 


No. 5 on MILLING CUTTERS 


A.S.M.E. Members (Total personnel, 1° 


E. K. Morgan 
OBERG 
E. Don VANCIL 


J. B. ARMITAGE 
A. N. Gopparp 
E. E. Grirritus 
J. H. Horgan 


No. 6 oN DESIGNATIONS AND WORKING 
RANGES OF MACHINE TooLs 


A.S.M.E. Members (Total personnel, 19) 


JoHN Haypock, Chairman 
EARLE BUCKINGHAM 

T. H. Doan, Jr. 

H. W. Favs 

B. P. Graves 

J. J. MoBripe 

E. R. Smita 


- 
F. H. Cotvin 
B. P. Graves 
E. E. GRrirFItHs 
H. E. Harris 
F. O. Hoactanp 
J. H. Horrigan 
J. CROTTY 
- 
Si 
4, 


No. 7 on Twist Sizes 
AS.M.E. Members (Total personnel, 6) 
W. C. MUELLER, Chairman 
E. GRIFFITHS 
J. H. Horgan 
No. 8 on J1g BUSHINGS 
AS.M.E. Members (Total personnel, 8) 


GRIFFITHS J. H. Horigan 


No. 9 oN PuNcH Press Toots 
AS.M.E. Members (Total personnel, 13) 


H. E. Harris 
D. M. PALMER 


D. H. CHASON 
E. W. ERNEST 
E. GRIFFITHS 
No. 10 on FormMinG TooLts AND HOoLpers 
AS.M.E. Members (Total personnel, 11) 
W. Chairman 
W. FE. BLANK 
E. E. GRIFFITHS 
L. D. SPENCE 
No. 11 on AND JAWS 
ASAM.E. Member (Total personnel, 9) 
J. E. Lovety, Chairman 


No. 12 on Cut AND Grounp THREAD Taps 
A.S.M.E. Member (Total personnel, 7) 
J. E. ENNIS 


No. 13 on SpLrnes AND SPLINED SHAFTS 
A.S.M.E. Members (Total personnel, 21) 


F. O. HoaGLanp 
J. E. Loveiy 


J.B. ARMITAGE 
R. E. W. Harrison 


No. 17 ON NOMENCLATURE FOR SMALL TOOLS 
AND MACHINE TooL ELEMENTS 


AS.M.E. Members (Total personnel, 12) 


0. W. Boston, Chairman and Secretary 
F. S. BLACKALL, JR. 

F. H. Cotvin 

H. Harris 

F. O. HOAGLAND 


No. 19 on SrneLe-Pornt Cutrine Toots 
A.S.M.E. Members (Total personnel, 2) 


F. H. Cotvin, Chairman 
0. W. Boston, Secretary 


No. 20 oN REAMERS 
A.S.M.E. Members (Total personnel, 15) 


F. H. Cotvin 
T. F. Girnens 
E. E. GrirFirus 


J. H. HortGan 
O. E. 
G. W. Metz, Alternate 


No. 21 on Toot-Lire Tests ror SINGLE- 
Potrnt Toots 


A.S.M.E. Members (Total personnel, 9) 


0. W. Boston, Chairman 
FE. E. Grirritas 

M. F. Jupkins 

G. W. Merz. Alternate 

H. L. Morr 


No. 23 oN MACHINE PINS 


AS.M.E. Members (Total personnel, 14) 


E. E. Grirerrus G. W. Merz, Alternate 
J. J. McBriwe R. H. Smitu 


AS.M.E. SOCIETY RECORDS, PART 1 


GEARS (B6) 


* Joint sponsorship with the American Gear 
Manufacturers Association. Sectional Com- 
mittee organized June, 1921 


A.S.M.E. Members (Total personnel, 23) 


U. S. EBerHarpt, Chairman 

EARLE BUCKINGHAM, Vice-Chairman t 
C. B. LePage, Acting Secretary 

A. H. CANDEE t 

G. H. ACKER 

L. H. Fry 

C. B. HAMILTON, JR. 

D. T. HAMILTON 

O. A. LEUTWILER ¢ 


SUBCOM MITTEE CHAIRMEN 


No. 3 on Nomenclature, D. T. HAMILTON 
No. 9 on Inspection, GRANGER DAVENPORT 


PIPE FLANGES AND FITTINGS (B16) 


* Joint sponsorship with the Heating, Pip- 

ing and Air Conditioning Contractors Na- 

tional Association, and the Manufacturers 

Standardization Society of the Valve and 

Fittings Industry. Sectional Committee or- 
ganized November, 1921 


A.S.M.E. Members (Total personnel, 55) 


C. P. Buss, Chairman 
J. J. HARMAN, Secretary 
A. L. BAKER 

L. W. Benorr t+ 

J. R. Biizarp, Alternate 
A. L. Brown 

SaBIn CROCKER 
FERDINAND FINK 

V. M. Frost 

H. E. 

J. S. Hess 

H. A. Horrer t 

A. M. Howser 

C. A. 

J. R. Kruse 

M. B. MACNEILLE 

F. H. Moreneap 

L. S. Morse, Sr. 

A. W. OAKLEY 

OPHULS 

Lupwie 

J. E. STARK 

J. R. TANNER t 

J. H. TAYLor 

ROWLAND TOMPKINS 

G. W. Watts 

J. H. WILLIAMS 

J. H. ZINK 


SUBCOMMITTEE CHAIRMEN 


on Cast Iron Flanges and Flanged 
Fittings, A. M. Houser 
on Screwed Fittings, F. H. MorEHEAD 
on Steel Flanges and Flanged Fit- 
tings, C. P. 
on Materials and Stresses, A. M. 
Hovuser 
5 on Face to Face Dimensions of Fer- 
rous Flanged Valves, J. R. TANNER 
No. 6 on Malleable Iron or Steel Brass 
8 


Seat Unions (to be appointed) 
on Marking of Pipe Fittings, F. H. 
MorEHEAD 
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SHAFTING (B17) 


* Sole sponsorship. Organized October, 1918 
A.S.M.E. Members (Total personnel, 11) 


C. B. LePage, Secretary 
H. C. E. Meyer 

L. C. Morrow 

L. W. WILLiIaMs 


BOLT, NUT, AND RIVET PROPOR- 
TIONS (B18) 


* Joint sponsorship with the Society of 
Automotive Engineers. Sectional Committee 
organized March, 1922 


A.S.M.E. Members (Total personnel, 48) 


W. R. Chairman + 

W. C. Stewart, Alternate, Secretary 
H. E. Avpricu 

F. C. BILLines 

B. G. BRAINE 

G. S. Case 

T. G. CRAWFORD 

H. P. FrRear 

A. M. Houser 

HERMAN Koester t 

J. J. McBrinpe, Alternate 

W. C. MUELLER 

S. F. NEwMAN 

R. H. Perry 

J. R. TANNER t 

R. J. WHELAN 

E. M. WHITING 

V. R. WILLouUGHBY 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Large and Small Rivets (to be 
appointed) 

No. 2 on Wrench-Head Bolts and Nuts (to 
be appointed) 

No. 3 on Slotted and Recessed Head 
Screws, F. P. Tiscu 

No. 4 on Track Bolts and Nuts (to be ap- 
pointed) 

No. 5 on Round Unslotted Head Bolts 
(Carriage Bolts) (to be appointed) 

No. 6 on Plow Bolts (to be appointed) 

No. 7 on Body Dimensions and Materials 
(to be appointed) 

No. 8 on Nomenclature, G. S. Case 


No. 9 on Socket Head Cap and Set Screws, 
HERMAN KOESTER 


PLAIN AND LOCK WASHERS (B27) 


* Joint sponsorship with the Society of 
Automotive Engineers. Sectional Commit- 
tee organized March, 1926 


A.S.M.E. Members (Total personnel, 39) 


H. C. E. Meyer 
W. C. MUELLER + 
E. M. 


EvuGeNne CALDWELL 
T. G. CRAWFoRD 
C. H. Loutre. 

J. J. McBripe 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Plain Washers, W. L. BartH 
No. 2 on Spring Washers, E. D. CowLin 


TRANSMISSION CHAINS AND 
SPROCKETS (B29) 


* Joint sponsorship with the Society of 
Automotive Engineers, and the American 
Gear Manufacturers Association. Sectional 
Committee originally organized September, 
1917. Reorganized December, 1926 


(Continued) 
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TRANSMISSION CHAINS AND 
SPROCKETS (B29) 


(Continued) 
M.E. Members (Total personnel, 13) 


ALS.) 
J. M. Bryant t D. B. Perry 
JosePH Joy C. R. WEIss 
L. V. Lupy 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Roller Chain Standardization (to 
be appointed) 

No. 2 on Silent Chain Standardization (to 
be appointed) 


CODE FOR PRESSURE PIPING (B31) 


* Sole sponsorship. Sectional Committee 
originally organized November, 1926. Reor- 
ganized December, 1937 


A.S.M.E. Members (Total personnel, 86) 


ALFRED IppDLEs, Chairman + 
J. D. Capron, Alternate 
L. H. Carr, Alternate 
H. C. Cooper 

D. H. Corey 

SaBIN CROCKER 

H. D. Epwarps 
CHARLES FITZGERALD 

V. M. Frost 

T. W. GREENE, Alternate 
H. E. 

W. D. HALsey 


J. J. HARMAN, Alternate 


A. KELTING 

H. Krieg 

. LARSEN 
B. MAONEILLE 
W. MartTIN 

C. E. Meyer 

W. Moore 

H. MoreEHEAD 

H. Morgan 

S. Morse, Sr. 

H. Moss, Alternate 
M. NEE 

W. Norris 

W. OBERT 

L. PENNIMAN, JR. 
B. RICKETTS 

S. Rosrnson t 

H. RoMAann 

D. B. RossHEIM 


D. 
as 
H. 
C. 
E. 
G 

M. 
G. 
H. 
J. 

F. 
H. 
L. 
H. 
R. 
E. 
C. 
A. 
E. 
C. 
J. 


Lupwie 
H. 8. Smirn 
J. E. STarK 
J. R. TANNER 


. L. WHITTEMORE 
. WILLIAMS 


SUBCOMMITTEE CHAIRMEN 


Subcommittee on Scope and Intent of Sec- 
tional Committee on Code for Pres- 
sure Piping, B31, SABIn CrocKER 


AS.M.E. SOCIETY RECORDS, PART 1 


Special Subcommittee on Allowable Stresses 
in Piping and Quality Factors of 
Castings, L. D. Burrirr 

Special Subcommittee on Instrument Pip- 
ing, A. L. PENNIMAN, JR. 


No. 1 on Plan, Scope, and Editing, SaBrn 
CROCKER 


No. 2 on Power Piping, ALFRED IDDLES 

No. 4 on Gas and Air Piping, J. 8. Have 

No. 5 on Refrigeration Piping, A. B. Stick- 
NEY 

No. 6 on Oil Piping, L. D. Burrirr 

No. 7 on Piping Materials and Identifica- 


tion, F. H. Moreneap 

No. 8 on Fabrication Details, Lupwie Skoe 

No. 9 on District Heating Piping, G. K. 
SAURWEIN 

Special Committee on Pressures and Tem- 
peratures Above Those Covered by 
Code (to be appointed) 


WIRE AND SHEET METAL GAGES 
(B32) 


* Joint sponsorship with the Society of 

Automotive Engineers. Sectional Commit- 

tee originally organized November, 1928. 
Reorganized November, 1989 


A.S.M.E. Members (Total personnel, 35) 


A. P. J. Howe 
E. W. ERNEST F. G. WILson + 


SUBCOMMITTEE CHAIRMAN 


Wire and Sheet Metal Gages, J. R. Town- 
SEND 


SCREW THREADS FOR HOSE 
COUPLINGS (B33) 


* Sole sponsorship. Sectional Committee 
organized October, 1928 


M.E. Members (Total personnel, 22) 


Ss) 
. L. Brown, Secretary 
. F. BREITENSTEIN t 

. J. Crorty 

. L. Curtiss 

. E. DUNHAM 

Ernst, Alternate 
. J. HARMAN 

. C. E. MEYER 

. H. WILLIAMS 


WROUGHT IRON AND WROUGHT 
STEEL PIPE AND TUBING 
(B36) 


* Joint sponsorship with the American So- 
ciety for Testing Materials. Sectional Com- 
mittee organized May, 1928 


A.S.M.E. Members (Total personnel, 37) 


H. H. Morean, Chairman 
SaBIn Crocker, Secretary 
J. S. ADELSON 

H. E. ALpricu 

F. S. Cuark, Alternate 
NEWELL HAMILTON 

D. S. Jacosus 

J. J. KANTER 

H. C. E. MEYER 

F. H. MoreHeap 

H. B. OatLey 

J. H. RoMANN 

Lupwie Sxkoe 

J. R. TANNER 

A. E. WHITE 


SUBCOM MITTEE CHAIRMEN 


and Tubing for Low Temperature 
Service, J. J. SHUMAN 

Pipe and Tubing for High Temperature 

Service, J. R. TANNER 


Pipe 


PRESSURE AND VACUUM GAGES 
(B40) 
*Sole Sponsorship. Sectional Committee 
organized December, 1930 


A.S.M.E. Members (Total personnel, 40) 


D. ENGLE, Chairman 
. W. LENDEROTH, Secretary 

J. BRYANT 

J. P. CAVANAUGH + 

DISERENS 

C. H. GRAESSER 

W. F. Jones 

R. J. 

J.C. McCune 

A. H. Morgan 

H. B. ReyNnoips 

W. C. SCHOENFELDT 


STOCK SIZES, SHAPES AND LENGTHS 
FOR HOT AND COLD FINISHED 
IRON AND STEEL BARS (B41) 


*Sole sponsorship. Sectional Committee 
organized June, 1930 
A.S.M.E. Members (Total personnel, 24 


C. D. ALLEN H. D. TANNER 
F. H. DeEcHANT L. W. WILLIAMs + 
E. W. Ernest 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Hot Rolled Steel, HENRY Wvysor 

No. 2 on Cold Finished Steels, L. E. 
CREIGHTON 

No. 3 on Hot Rolled Iron (to be appointed) 


SPECIFICATIONS FOR LEATHER 
BELTING (B42) 


*Sole sponsorship. Sectional Committee 
organized May, 19381 
A.S.M.E. Members (Total personnel. : 


H. T. Coates 
R. W. DRAKE t 


P. G. Rwoaps 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Standard Specifications (to be ap- 
pointed) 

No. 2 on Recommendations for Selection. 
Care and Installation (to be ap 
pointed) 


CLASSIFICATION AND DESIGNATION 
OF SURFACE QUALITIES (B46) 


* Joint sponsorship with the Society of 
Automotive Engineers. Sectional Commit- 
tee organized December, 1932 
A.S.M.E. Members (Total personnel, 64) 


. Gace, Chairman 
. ABBOTT 


HARMAN 
. W. Harrison t 


J. S. Have 
H. A. Horrer 
G. G. Horns 
A. M. Houser 
4 
oe 
J. H. TAYLOR 
T. F. J. BRYANT 
J. H. Zink G. CRawrorp 
C. DEALE t 
S. EBERHARDT : 
J 
= 


of 
it- 


F. O. HOAGLAND 
H. J. HoLtrzcLaw 
R. T. Kent 

H. F. Kurtz 
MANUELE 
F. C. SPENCER 

C. C. STEVENS 
W. C. STEWART 
J. S. TAWRESEY 
C. H. WHITAKER 
Ernest WOOLER 


SUBCOM MITTEE CHAIRMEN 


Special Subcommittee on Revision and Edit- 
ing, R. F. Gaao 


SHAFT COUPLINGS, INTEGRALLY 
FORGED FLANGE TYPE FOR 
HYDROELECTRIC UNITS 
(B49) 


* Sole sponsorship. Sectional Committee or- 
ganized October, 1943 


AS.M.E. Members (Total personnel, 18) 


t. E. B. Suarp, Temporary Chairman t+ 

D. J. McCormack, Temporary Secretary t 
D. L. BARBOUR 

L. F. Moopy 

G. R. 

Ek. B. STROWGER 

i. V. TERRY 

OF. Une 


COMBUSTION SPACE FOR SOLID 
FUELS (B50) 


sponsorship. Sectional Committee 
organized June, 1933 


AS.M.E. Members (Total personnel, 19) 


* Sole 


C. E. Bronson, Chairman 
W. G. CHRISTY 

HUNTER 

A. J. JOHNSON 

V. G. Leach 

J. P. Macos * 

J. F. McINTIReE 

F. L. MEYER 

C. A. Reep 

Joun VAN Brunt t 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Purpose and Scope, C. E. Bronson 

No. 2 on Combustion and Design, B. M. 
GUTHRIE 

No. 3 on Warm Air Furnaces, J. H. MANNY 

No. 4 on Steel Heating Boilers, W. B. Rus- 
SELL 

No. 5 on Cast Iron Boilers, J. F. McINTIRE 


SCHEME FOR IDENTIFICATION OF 
PIPING SYSTEMS (A13) 


“Joint sponsorship with the National 
Safety Council. Sectional Committee or- 
ganized June, 1922 


A.S.M.E. Members (Total personnel, 30) 


F. E. ASHLEY H. 

W. L. BUNKER FRANK THORNTON, JR 
Crospy Fretp RowLaNpD TOMPKINS 
H. L. Miner FraANK UMBEHOCKER t 


SUBCOM MITTEE CHAIRMEN 


Executive Committee, A. S. HEBBLE 

Identification by Colors (to be appointed) 

Classification, Crospy 

Identification Markings Other Than Color 
__ (to be appointed) 

Editing Subcommittee, A. S. HEBBLE 


A.S.M.E. SOCIETY RECORDS, PART 1 


MINIMUM REQUIREMENTS FOR 
PLUMBING AND STANDARDIZA- 


TION OF PLUMBING EQUIP- 
MENT (A40) 
“Joint sponsorship with The American 
Public Health Association. Sectional 
Committee organized November, 1928 


A.S.M.E. Members (Total personnel, 41) 


C. B. LePage, Acting Secretary 
J. F. Carney, Alternate 

J. J. Crorry 

A. M. Hovuser + 

W. K. McAFEE 

A. H. Morgan 

W. R. WessTER 


SUBCOM MITTEE CHAIRMEN 


Research Committee on Plumbing (to be 
appointed) 
No. on Minimum Requirements for 
Plumbing, T. I. Cor 
2 on Staple Vitreous China Plumbing 
Fixtures, H. R. VAN Sciver 


to 


No. 3 on Staple Porcelain (All Clay) 
Plumbing Equipment, H. R. VAN 
ScCIVER 

No. 4 on Enameled Sanitary Ware, A. H. 
CLINE, JR. 

No. 5 on Traps (to be appointed) 


No. 6 on Brass Plumbing Products (to be 
appointed) 
No. 7 on Brass Fittings for Flared Copper 


Tubes, F. L. 
No. 8 on Cast Iron Soil Pipe and Fittings 
(to be appointed) 
on Gasoline, Oil and Grease Separa- 
tors (to be appointed) 
Committee on Threaded Cast [ron 
Pipe, F. H. Morenrap 
No. 11 on Soldered Fittings for Tubing, 
A. M. Hovser 
No. 12 on Minimum Air Gaps in Plumbing 
Systems, W. K. McAFEE 


No. § 


= 


Joint 


ROLLED THREADS FOR SCREW 
SHELLS OF ELECTRIC SOCKETS 
AND LAMP BASES (C44) 


* Joint sponsorship with the National Elec- 
trical Manufacturers Association. Sectional 
Committee organized June, 1929 


A.S.M.E. Members (Total personnel. 14) 


E. J. Bryant t 
EARLE BUCKINGHAM 
A. B. MorGan, Alternate 


LETTER SYMBOLS AND ABBREVIA.- 
TIONS FOR SCIENCE AND ENGI- 
NEERING (Z10) 


* Joint sponsorship with the American As- 
sociation for the Advancement of Science, 
American Institute of Electrical Engineers, 
American Society of Civil Engineers, and 
the Society for the Promotion of Engineer- 
ing Education. Sectional Committee origi- 
nally organized January, 1926. Reorganized 
October, 1935 


A.S.M.E. Members (Total personnel, 41) 


S. A. Moss, Vice-Chairman + 
S. R. Alternate t 
K. H. Conprr 

L. C. Licuty 

R. E. PETERSON t 

G. A. Stetson 

FRANK THORNTON, JR. 


SUBCOM MITTEE CHAIRMEN 


Executive Committee, H. M. TuRNER 

Steering Committee, H. M. TURNER 

No. 1 on Letter Symbols and Signs for 
Mathematics, A. A. BENNETT 

No. 2 on Symbols for Hydraulics, J. C. 

STEVENS 

on Symbols for 

PETERSON 

No. 4 on Symbols for Structural Analysis, 

ALBERT HAERTLEIN 
5 on Symbols for Heat and Thermody- 
namics, S. A. Moss 

No. 6 on Symbols for Illuminating Engi- 
neering, A. E. PARKER 

No. 7 on Aeronautical Symbols, G. W. 
LewIs 

No. 8 on Symbols for Electrical Quantities, 
EDWARD BENNETT 

No. 9 on Symbols for Radio, H. M. TURNER 

No. 10 on Symbols for Physies, H. K. 
HvuGHEs 

No. 11 on Abbreviations for Scientific and 
Engineering Terms, G. A. STETSON 

No. 12 on Symbols for Chemical Engineer- 
ing, J. H. Perry 


No. 


w 


Mechanics, R. E. 


STANDARDS FOR DRAWINGS 
DRAFTING ROOM PRACTICE 
(Z14) 


* Joint sponsorship with the Society for the 
Promotion of Engineering Education. Sec- 
tional Committee organized September, 1926 


A.S.M.E. Members (Total personnel, 42) 


H. P. Frear 

J. J. HARMAN 

A. C. HARPER 

E. R. 

SAMUEL KetTcHUM 
C. W. 

F. R. LANEY 

H. B. LANGILLE 
MICHEL, Alternate 
F. W. MING 

W. C. MUELLER 

E. B. 

J. W. OWENS 

F. C. PANUSKA 

Ep S. Smita t 
RowLaAND TOMPKINS 


AND 


SUBCOMMITTEE CHAIRMAN 
Subcommittee on Revision, F. G. H1tcBee 


GRAPHIC PRESENTATION (Z15) 


* Sole sponsorship. Sectional Committee 
organized December, 1926 


A.S.M.E. Members (Total personnel, 30) 


G. E. Hagemann, Secretary 
C. M. BigELow 

WALLACE CLARK 

D. B. Porter t 


SUBCOM MITTEE CHAIRMEN 


Preferred Practice for Time Series Charts, 
A. H. RICHARDSON 

Engineering and Scientific Graphs, W. A. 
SHEWHART 


GRAPHICAL SYMBOLS AND ABBRE- 
VIATIONS FOR USE ON 
DRAWINGS (Z32) 


* Joint sponsorship with American Institute 
of Electrical Engineers. Sectional Commit- 
tee organized June, 1936 


(Continued) 
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GRAPHICAL SYMBOLS AND ABBRE- 
ViATIONS FOR USE ON 
DRAWINGS (Z32) 


(Continued) 
A.S.M.E. Members (Total personnel, 38) 


L. 
. C. PANUSKA t 
C. STEWART 
. R. THomMas 
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SUBCOMMITTEE CHAIRMEN 


No. 1 on Symbols for Use in Mechanical 
Engineering (to be appointed) 

No. 2 on Symbols for Use in Electrical En- 
gineering, H. W. SAMSON 

No. 3 on Abbreviations for Use on Draw- 
ings (to be appointed) 


DEVELOPMENT OF STATISTICAL AP- 
PLICATIONS IN ENGINEERING 
AND MANUFACTURING 


Joint sponsorship with the American Math- 
ematical Society, American Society for 
Testing Materials, American Statistical As- 
sociation, and Institute of Mathematical 
Statistics. Appointed in December, 1929 


A.S.M.E. Members (Total personnel, 10) 


A. G. ASHCROFT L. K. S1Licox + 
W. H. FULWEILER J.S. TAWRESEY t 


A.S.M.E. Representatives on 
Miscellaneous Standardization 
Committees 


See also A.S.M.E. Representatives on Other 
Activities, page RI-9 


ACOUSTICAL MEASUREMENTS 
TERMINOLOGY (Z24) 


* Sponsor body: Acoustical Society of 
America 


AND 


(To be appointed) 


AERONAUTICS (D9) 
* Sponsor body: Society of Automotive 
Engineers 
E. A. Sperry, JR. 


BUILDING CODE REQUIREMENTS 
FOR LIGHT AND VENTILA- 
TION (A53) 


* Sponsor bodies: Federal Housing Admin- 
istration, and U.S. Public Health Service 


F. R. SCHERER 


CAST IRON AT ELEVATED 
TEMPERATURES 


Subcommittee of American Society for 
Testing Materials Committee A-3 
on Cast Iron 


D. B. RossHEIM 
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COAL AND COKE (D5) 


Committee of American Society for Test- 
ing Materials 


R. M. HArpGROVE 


DEFINITIONS OF ELECTRICAL 
TERMS (C42) 


* Sponsor body: American Institute of 
Electrical Engineers 


F. 0. ELLENwoop 


DRAINAGE OF COAL MINES (M6) 
* Sponsor body: American Mining Congress 
O. M. Prorrr 


ELECTRIC “a APPARATUS 
C52) 


* Sponsor body: American Welding Society 


R. E. KInKEaD 


FOREST FIRE PROTECTION 


Committee of National Fire Protection 
Association 


C. B. WHITE 


JOINT CONFERENCE COMMITTEE ON 
PIPING CODES AND STANDARDS 


C. A. KELTING, Chairman 
SABIN CROCKER 
V. M. Frost 

E. D. GrImMIson 
A. M. Houser 
ALFRED IDDLES 
J. R. Kruse 

F. H. MoreHeapd 
D. B. RossHemm 
J. E. STarK 

J. H. ZINK 


LOADING PLATFORMS AT FREIGHT 
TERMINALS AND WAREHOUSES 
(E12) 


* Sponsor body: American Trucking 
Association, Inc. 


M. C. MAxweLi 


MANHOLE FRAMES AND COVERS 
(A35) 


“Sponsor bodies: ASA Telephone Group, 
and American Society of Civil Engineers 


ANTON HANSEN 


ASA MECHANICAL STANDARDS 
COMMITTEE 


ALFRED IDDLES, Chairman 
A. L. BAKER, Alternate ¢ 
KENNETH CARTWRIGHT, Alternate 
S. L. CRAWSHAW 

J. E. ENNIS 

E. W. ERNEST 

F. O. HOAGLAND 

E. L. Hopping 

A. M. Houser, Alternate 

M. E. LANGE, Alternate 

F. H. MoreHeap 

H. H. Morgan 

FRANK THORNTON, JR. 

H. L. Wuirremore, Alternate 


Executive Committee, 
ALFRED IpDDLES, Chairman 
F. H. Moreneap, Vice-Chairman 
J. E. ENNIS 
F. O. HoaGLaNnp 
H. H. Morgan 


METHODS OF TESTING WOOD (04) 


* Sponsor bodies: U.S. Forest Service, and 


American Society for Testing Materials 
C. M. BigELow 


MISCELLANEOUS OUTSIDE COAL. 
HANDLING EQUIPMENT (M10) 
* Sponsor body: American Mining Congress 
SARGENT 


PETROLEUM PRODUCTS AND 
LUBRICANTS (Z11) 


* Sponsor body: American Society for 
Testing Materials 
R. G. N. Evans 
S. J. NEEDS 
(H. J. Masson, Alternate) 


PREFERRED NUMBERS (Z17) 


* Special Committee of ASA 
K. H. Conpit 


RATING OF RIVERS (A36) 


*Sponsor body: U.S. Geological Survey 
D. W. Meap 


REQUIREMENTS FOR THE INSTALLA- 
TION OF GAS BURNING EQUIP- 
MENT IN POWER BOILERS 
(Z21) 


* Sponsor body: American Gas Association 
O. F. CAMPBELL 


ROTATING ELECTRICAL MACHINERY 
(C50) 


* Sponsor body: ASA Electrical Standards 
Committee 


J. R. HAGEMANN 
(C. D. WILson, Alternate) 


SPECIFICATIONS FOR CAST IRON 
PIPE AND SPECIAL CASTINGS 
(A21) 


* Sponsor bodies: American Gas Associa- 
tion, American Society for Testing Ma- 
terials, American Water Works Associa- 
tion, and the New England Water Works 


Association 
J. E. Grpson L. R. Howson 


SPECIFICATIONS FOR CLEAN 
BITUMINOUS COAL (M26) 


* Sponsor body: American Institute of Min- 
ing and Metallurgical Engineers 


R. A. SHERMAN 
(E. L. Linpsernu, Alternate) 


‘ 
E. ASHLEY 
M. BARNES 
J. HARMAN 
. C. MUELLER 
a 
: 


SPECIFICATIONS FOR FIRE TESTS 
OF BUILDING CONSTRUCTION 
AND MATERIALS (A2) 


*Sponsor bodies: ASA Fire Protection 
Group, National Bureau of Standards, and 
American Society for Testing Materials 


R. C. 


SPECIFICATIONS FOR SIEVES FOR 
TESTING PURPOSES (223) 
*Sponsor bodies: American Society for 


Testing Materials, and National Bureau of 
Standards 


R. M. HaArpGrove 


ASA STANDARDS COUNCIL 


ALFRED IDDLES t¢ 
J. E. Lovey t 
(C. B. LePage, Alternate) t 
(W. C. Alternate) 
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SPECIAL STANDARDS COMMITTEE 
ON STEAM TURBINES 


K. M. Irwin, Chairman 
G. A. GAFFERT, Secretary 
R. C. ALLEN 

C. B. CAMPBELL 

A. G. CHRISTIE 

E. H. Kriee 

A. L. PENNIMAN, JR. 

W. F. Ryan 

G. B. Warren 


SPECIAL COMMITTEE ON STANDARD- 
IZATION OF THERBLIGS, PROCESS 
CHARTS, AND THEIR SYMBOLS 


D. B. Porter, Chairman 
G. M. VarGa, Secretary 
R. W. ALLEN 

R. M. BARNES 
Cc. H. Cox 

L. M. GILprReTH 
J. M. JuRAN 

H. B. MAyNarD 
J. A. PIACITELLI 


RI-33 
THERMAL INSULATING MATERIALS 
(C16) 


Committee of American Society for Testing 
Materials 


R. H. HertMan 


U.S. INTERDEPARTMENTAL COM- 
MITTEE ON SCREW THREADS 


E. J. BRYANT A. M. Houser 


VOLUME WATER HEATING 


Committee of American Gas Association 


Marc ResekK 


WIRE ROPES FOR MINES (M11) 
* Sponsor body: American Mining Congress 


FE. S. WELLHOFER 
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POWER TEST CODES COMMITTEES 


ARTICLE B6A, Par. 27: The Standing Committee on Power Test Codes shall, under the 
direction of the Council, have supervision of all the activities of the Society in connection 
with the A.S.M.E. Power Test Codes, including the interpretation of such codes. 

The first Standing Committee on Power Test Codes was organized in December, 1918, to 
revise and extend the Power Test Codes which had been formulated by various technical com- 
mittees appointed to develop particular codes. This work began in 1884. 


STANDING COMMITTEE 


To be appointed, Chairman 
A. G. CHRISTIE, Vice-Chairman (1946) 


Term expires 1945 


Term expires 1946 


A. G. CHRISTIE 
PauL DISERENS 
N. R. GIBson 
W. W. JoHNSON 
FE. B. POWELL 


Term expires 1947 


W. A. CARTER 

W. L. H. DoyLe 
H. B. Oatley 

R. B. SmitH 

W. J. WoOHLENBERG 


Term expires 1948 


Lovis ELLioTtT 
W. F. Jones 
ARVID PETERSON 
R. A. SHERMAN 
P. W. SwAIn 


Term expires 1949 


A. E. GRUNERT 

L. F. Moopy 

T. E. PURCELL 

E. B. RIcKETTS 
(To be appointed) 


(1) GENERAL INSTRUCTIONS 


Appointed December, 1918 
Reorganized, 1939 


‘THEODORE BAUMEISTER, Chairman 
PAUL DISERENS 

HENRY KREISINGER 

A. R. MuMForbD 

R. H. SNYDER 

C. R. SoDERBERG 

M. C. Stuart 

P. W. Swain 


(2) DEFINITIONS AND VALUES 


Appointed December, 1918 
Reorganized, 1936 


R. J. S. Preorr, Chairman 
L. J. Briees 

W. F. Davipson 

L. S. MarKs 

G. PETERSON 

F. G. PHILO 

J. C. SMALLWooD 

P. W. Swain 

A. C. Woop 


(3) FUELS 


Appointed December, 1918 
Reorganized April, 1944 


“~~ 


. A. SHERMAN, Chairman 
F. CAMPBELL 

. C. CARROLL 

. DELBRIDGE 


W. KEATOR 
W. NAcOVSKY 
E. X. Sco 
W. A. SELVIG 
L. SHNIDMAN 


(4) STATIONARY STEAM-GENERAT. 


ING UNITS 


Appointed December, 1918 


E. R. Fisu, Chairman 
A. D. BAILEy 

M. W. BENJAMIN 
B. J. Cross 
MarTIN FRISCH 
P. H. Harpir 

R. M. HarpGRove 
ALFRED IDDLES 

E. L. LInpsetH 
E. L. 
E. B. 

R. SHELLENBERGER 
R. L. SPENCER 


(5) RECIPROCATING STEAM 
ENGINES 


Appointed December, 1918 
Reorganized, 1931 


CHRISTIE, Chairman 
M. Davipson 
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ENRIK GREGER 
A. HUNTER 


. G. MUELLER 
V. E. NorpBero 


SAHAROFF 
. G. WitTTING 


(6) STEAM TURBINES 
Appointed December, 1918 


C. Berry, Chairman 
I. E. Mouttrop, Secretary 
O. D. H. BENTLEY 

W. E. CALDWELL 

C. B. CAMPBELL 

A. G. CHRISTIE 

H. P. DAHLSTRAND 

V. M. Frost 

A. E. GRUNERT 

Francis HopGKINSON 

T. E. 

G. B. WARREN 


(7) RECIPROCATING STEAM-DRIVEN 
DISPLACEMENT PUMPS 


Appointed December, 1918 


(8) CENTRIFUGAL AND ROTARY 
PUMPS 


Appointed December, 1918 
Reorganized, 1936 


k. L. DAvuGHERTY, Chairman 
H. E. 
R 
R 


J. B. LINcoLn 

M. B. MACNEILLE 
L. F. Moopy 
ARVID PETERSON 
F. H. Rogers 
W. C. Rupp 

Max SPILLMAN 
F. G. Switzer 
W. M. WHITE 

[. A. WINTER 


(9) DISPLACEMENT COMPRESSORS 
AND BLOWERS 


Appointed December, 1918 
Reorganized, 19385 


PauL DISERENS, Chairman 
G. T. FeLBeck 

C. R. 

J. F. HuvaNne 

R. M. JOHNSON 

J. F. DowNntre SMITH 


(10) CENTRIFUGAL AND TURBO- 
COMPRESSORS AND BLOWERS 


Appointed December, 1918 
Reorganized, 1929 
ARVID PETERSON, Chairman 
‘THEODORE BAU MEISTER 

C. A. Booru 

W. H. CARRIER 

THOMAS CHESTER 

E. D. CuRLEY 

L. E. Day 

Z. G. DeutTscu 

S. H. Downs 

B. K. Erposs 

P. E. Goop 

J. J. Gros 

H. F. Hagen 

F. H. JENKINS 

R. M. JOHNSON 

W. E. JOHNSON 

H. D. Ketsey 

W. W. LAWRENCE 


> 
z 
Sut E. H. Brown 
THEODORE BAUMEISTER J. E. G1Bson 
P. H. Harvie G. L. KoLiBere 
B. V. E. Norppere Bry M. B. MAcNEILLE 
aL 
R. J. S. Prcorr D. W. Meap 
LAGG 
M. C. Sruart L. A. QUAYLE 
4 
W. B. Grecory 
R. T. KNapp 
BA 
‘ 


k. D. MADISON 

J. H. MARCHANT 
L. S. MARKS 

R. B. SMITH 

M. C. STUART 


(11) FANS 
Appointed December, 1944 


M. C. Stuart, Chairman 
THEODORE BAUMEISTER 
A. 

W. H. CARRIER 
THOMAS CHESTER 

FE. D. CURLEY 

S. H. Downs 

B. K. Erposs 

J. J. Gros 

H. F. HAGEN 

F. H. JENKINS 

W. W. LAWRENCE 

R. D. MApISON 

L. S. MARKS 


(12) CONDENSERS, WATER HEAT- 
ING, AND COOLING EQUIPMENT 


Appointed December, 1918 


P. H. Harpre, Chairman 
C. H. Baker, Jr. 

J. F. GRace 

D. W. R. Morcan 

H. B. REYNOLDS 

P. E. ReEYNoLps 


(13) REFRIGERATING SYSTEMS 


Appointed December, 1918 
Reorganized May, 1939 


B. H. JENNINGS, Chairman + 
A. C. BUENSOD 

J. C. CONSLEY 

R. G. Ewer t¢ 

W. F. Jones ¢ 

M. A. NELSON t 

A. W. OAKLEY 

C. L. SvENSON 

FranK Zumpro 


(14) EVAPORATING APPARATUS 


Appointed December, 1918 


B. N. Bump H. L. Parr 
E. A. NEWHALL L. C. Rogers 

+ Official A.S.M.E. representative serving 
on this committee. 
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(15) STEAM LOCOMOTIVES 
Appointed December, 1918 


W. F. G. E. Ruoaps 
H. B. OaTLey L. K. SILLcox 


(16) GAS PRODUCERS 
Appointed December, 1918 
C. D. SmirH 


(17) INTERNAL-COMBUSTION 
ENGINES 


Appointed December, 1918 
Reorganized, 1939 


Lee SCHNEITTER, Chairman 
F. H. Dutcuer, Secretary 
J. C. BARNABY 

G. C. Boyer 

H. E. 

W. L. H. Dorie 

L. B. Jackson 

E. J. Kates 

E. C. MAGDEBURGER 

B. V. E. NorpBERG 
RUSSELL PYLES 

M. J. Reep 

W. W. ScCHETTLER 

O. D. TREIBER 


(18) HYDRAULIC PRIME MOVERS 
Appointed December, 1918 
Reorganized, 1931 


S. LoGAN Kerr, Chairman 
C. M. ALLEN 

L. M. Davis 

H. L. 
W. F. DuRAND 

N. R. Grsson 

J. P. GRowpon 

T. H. Hoee 

L. J. Hooper 

C. W. Hupparp 
E. C. HutcHinson 
D. J. McCorMack 
L. F. Moopy 

W. J. RHEINGANS 
J. F. Roperts 

E. B. StrowGer 
R. V. Terry 

W. M. WHITE 


(19) INSTRUMENTS AND APPARATUS 


Appointed December, 1918 


W. A. Carter, Chairman 
C. M. ALLEN 


R1-35 


. C. ANDRAE 


(20) SPEED, TEMPERATURE AND 
PRESSURE RESPONSIVE 
GOVERNORS 


Appointed December, 1921 
Reorganized February, 1940 


C. R. Soperserc, Chairman 
C. L. Avery 

W. L. H. Dore 
HERBERT ESTRADA 

S. N. Frara 

J. R. HaGEMANN 
W. C. HoLtmMeEs 

S. LoGAN KERR 

A. F. SCHWENDNER 
RAYMOND SHEPPARD 
R. B. SmitH 

H. E. 


(21) DUST SEPARATING APPARATUS 


Appointed October, 1934 


M. D. ENG LE, Chairman 
OLLISON CralG, Secretary 
A. D. BAILey 

H. H. BuBar 

W. G. CHRISTY 

H. O. Crort 

J. M. DALLAVALLE 

H. O. Danz 

H. C. DoHRMANN 

J. W. FEHNEL 

H. F. Hacen 

P. H. Harpre 

C. W. Hepsere 

J. H. Leecu 

H. E. MACOMBER 

H. C. Murpuy 

B. F. TILison 


A.S.M.E. Representatives on Other Technical Committees 


See also A.S.M.E. Representatives on Other 
Activities, page RI-9 


DEVELOPMENT OF DEFINITIONS FOR 
THE NET CALORIFIC VALUE 
AND GROSS CALORIFIC 
VALUE OF FUELS 


Sponsor body: American Society for 
Testing Materials 


W. J. WoHLENBERG 


COMMITTEE ON REDEFINING SO- 
CALLED STANDARD TON OF 
REFRIGERATION 


Sponsor body: American Society of 
Refrigerating Engineers 


G. B. Bricut 


COMMITTEE ON GASEOUS FUELS 


Sponsor body: American Society for 
Testing Materials 


E. X. Scummt 


COAL TESTING CODE COMMITTEE 


Joint sponsorship with the American 
Institute of Mining and 
Metallurgical Engineers 


A. R. Mumrorp 


SPECIFICATIONS FOR PRIME MOVER 
SPEED GOVERNING 


Joint sponsorship with the American Insti- 
tute of Electrical Engineers 


C. L. AVERY A. F. SCHWENDNER 
Hersert EstraDA RAYMOND SHEPPARD 
J.R. Hagemann’ C. R. SoperBere 
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SAFETY COMMITTEES 


ARTICLE B6A, Par. 25: The Standing Committee on Safety shall advise the Council on the 
activities of the Society having to do with engineering and industrial safety, except the 
activities of the Boiler Code Committee, for which special provision is made. 


The first Standing Committee on Safety was appointed in October, 1921. 


STANDING COMMITTEE 


Ik. R. GRANNISS, Chairman (1945) 
H. W. Gapor (1946) 

J. R. CONNELLY (1947) 

R. B. RENNER (1948) 

J. J. ZEITNER (1949) 


SAFETY CODE FOR ELEVATORS (A17) 


* Joint sponsorship with The American 

Institute of Architects, and the National 

Bureau of Standards. Sectional Committee 
originally organized November, 1922 


Reorganized June, 1940 
A.S.M.E. Members (Total personnel, 37) 


O. P. CUMMINGS 

C. R. CALLAWAY 

J. W. DEGEN t 

D. L. HoLprooxk 

BAsseETT JONES t 

M. B. McLAUTHLIN 

W.S. PAINE 

W. H. Seaquist, Alternate + 
S. F. VoorHEES 

H. L. WHITTEMORE 


SUBCOM MITTEE CHAIRMEN 


Executive Committee, D. J. PurInton 

Emergency Elevator Rules, D. J. Purtnton 

Existing Elevators, D. J. PuRINtTON 

Inspectors’ Manual, K. A. CoLAHAN 

Mechanical Safety Equipment (to be ap- 
pointed) 

Wire Rope, D. J. PurtIntoNn 

Working, G. H. REPPERT 

Editorial Subcommittee (to be appointed) 


SAFETY CODE FOR MECHANICAL 
POWER TRANSMISSION APPA- 
RATUS (B15) 


* Joint sponsorship with the International 

Association of Industrial Accident Boards 

and Commissions, and the National Conser- 

vation Bureau. Sectional Committee organ- 
ized February, 1921 


A.S.M.E. Members (Total personnel, 20) 


G. M. NAyYLor, Chairman t 
P. G. Ruoaps, Secretary 
D. C. Wricut t 


SUBCOM MITTEE CHAIRMEN 


‘o. 1 on Detail Classification of Belts (to 

be appointed) 
. 2 on Modification of Rule 223 for Cone 

Pulley Belts (to be appointed) 

vo. 3 on Mechanical Power Control (to 
be appointed) 

vo. 4 on Use of ASA Code Versus State 
Codes (to be appointed) 


*Note: All of the safety committees 
for which the Society is sponsor or joint 
sponsor, or on which it has representation, 
are organized under the procedure of the 
American Standards Association. 

+ Official A.S.M.E. representative serving 
on this committee. 


No. 5 on Statistics on Place of Occurrence 
of Accidents (to be appointed) 
No. 6 on V-Belt Drives, D. C. Wricutr 


SAFETY CODE ON COMPRESSED 
AIR MACHINERY AND EQUIP- 
MENT (B19) 


* Joint sponsorship with the American So- 

ciety of Safety Engineers—Engineering Sec- 

tion of National Safety Council. Sectional 
Committee organized May, 1928 


A.S.M.E. Members (Total personnel, 21) 


D. L. Royer, Chairman 
H. D. Epwarps 

W. J. GRAVES 

R. M. JOHNSON 


SAFETY CODE FOR CONVEYORS AND 
CONVEYING MACHINERY (B20) 


* Joint sponsorship with the National Con- 

servation Bureau. Sectional Committee 

originally organized November, 1925, reor- 
ganized, April, 19387 


A.S.M.E. Members (Total personnel, 44) 


D. L. Royer, Chairman 
N. W. Evmer, Alternate + 
W. J. GRAVES 
M. A. KENDALL t 
WILLIAM MOELLER 
P. T. ONDEDONK 

. G. PFEIFFER 

. B. RENNER 

. J. SHEPARD, JR. 

. G. WHEATLEY 


SUBCOMMITTEE CHAIRMEN 


on All Types of Chain Conveyors, 
Belt Conveyors, Belt Elevators In- 
cluding Steel Belt, and Serew, Track 
or Scraper Conveyors, C. G. PFEIFFER 
on Gravity Conveyors and Chutes, 
Live Roll Conveyors, H. G. DALTON 
on Cable-Operated and Cable Flight 
Conveyors and Cableways, R. McA. 
KEOWN 

on Air, Steam, or Liquid Conveyors, 
J. J. McoNvLta 

on Tiering, Piling, and Stacking Con- 
veyors, J. G. WHEATLEY 


SAFETY CODE FOR CRANES, DER. 
RICKS, AND HOISTS (B30) 


* Joint sponsorship with U.S. Navy Depart- 
ment, Bureau of Yards and Docks. Sectional 
Committee organized November, 1926 


A.S.M.E. Members (Total personnel, 45) 


J.C. WuHeat, Chairman 
Lewis Price t 

F. H. ScHwerin 

R. H. t 

H. L. WHITTEMORE 


SUBCOMMITTEE CHAIRMEN 


Executive Committee, J. C. WHEAT 
No. 5 on Jacks, E. W. CaruTHERS 
Editing Committee, H. H. Vernon 


A.S.M.E. Representatives on 
Other Safety Committees 


See also A.S.M.E. Representatives on Other 
Activities, page RI-9 


SAFETY CODE FOR ABRASIVE 
WHEELS (B7) 


* Sponsor bodies: Grinding Wheel Manu- 
facturers Association of United States and 
Canada, and International Association of In- 
dustrial Accident Boards and Commissions 


(To be appointed) 


SAFETY CODE FOR CONSTRUCTION 
WORK (A10) 


* Sponsor bodies: The American Institute 
of Architects, and National Safety Council 


(To be appointed) 


COOPERATION WITH OTHER ENGI. 
NEERING SOCIETIES 


Committee of American Society of Safety 
Engineers—Engineering Section of National 
Safety Council 


H. L. MINner 


ASA SAFETY CODE CORRELATING 
COMMITTEE 


H. W. Gapor 
(J. J. ZetrNer, Alternate) 


SAFETY CODE FOR EXHAUST 
SYSTEMS (Z9) 


* Sponsor body: International Association 
of Industrial Accident Boards and Com- 
missions 


(To be appointed) 


SAFETY CODE FOR FLOOR AND 
WALL OPENINGS, RAILINGS 
AND TOE BOARDS (A12) 


* Sponsor body: National Safety Council 
A. E. WINDLE 


SAFETY CODE FOR FORGING AND 
HOT METAL STAMPING (B24) 


* Sponsor bodies: American Drop Forging 
Institute, and National Safety Council 


(To be appointed) 


SAFETY CODE FOR LADDERS (Al4) 


* Sponsor body: American Society of Safety 
Engineers—Engineering Section of National 
Safety Council 


H. C. 
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SAFETY CODE FOR LAUNDRY 
MACHINERY AND OPERA- 
TION (Z8) 


* Sponsor bodies: American Institute of 
Laundering, International Association of 
Governmental Labor Officials, and National 
Association of Mutual Casualty Companies 


E. J. CARROLL 


SAFETY CODE FOR LIGHTING FAC- 
TORIES, MILLS, AND OTHER 
WORK PLACES (A11) 


*Sponsor body: Illuminating Engineering 


Society 
A. W. Luce 


LOW VOLTAGE ELECTRICAL 
HAZARDS 


Special Committee of the American Society 
of Safety Engineers—Engineering Section 
of National Safety Council 


(To be appointed) 


SAFETY CODE FOR MECHANICAL 
REFRIGERATION (B9) 


* Sponsor body: American Society of 
Refrigerating Engineers 
0. A. ANDERSON 
E. W. GALLENKAMP 
W. F. Jones 
(A. W. OAKLEY, Alternate to all A.S.M.E. 
Representatives) 


PANEL OF CONSULTANTS TO ADVISE 
THE MERCHANT MARINE COUNCIL 
AT U.S. COAST GUARD HEADQUAR- 

TERS, WASHINGTON, D.C. 


D. S. Jacosus 


SAFETY CODE FOR PAPER AND 
PULP MILLS (P1) 


*Sponsor body: National Safety Council 
R. L. WELDON 
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SAFETY CODE FOR POWER PRESSES 
AND FOOT AND HAND PRESSES 
(B11) 


* Sponsor body: National Safety Council 


(To be appointed) 


SAFETY CODE FOR PREVENTION 
OF DUST EXPLOSIONS (Z12) 


* Sponsor bodies: National Fire Protection 
Association, and U.S. Department of Agri- 
culture 


R. M. Ferry 
(W.S. Rearick, Alternate) 


SAFETY CODE FOR PROTECTION OF 
HEADS, EYES, AND RESPIRATORY 
ORGANS OF INDUSTRIAL 
WORKERS (Z2) 


* Sponsor body: National Bureau of 
Standards 


T. A. WALSH, JR. 
(T. F. Hatcn, Alternate) 


SAFETY CODE FOR PROTECTION OF 
INDUSTRIAL WORKERS IN 
FOUNDRIES (B8) 


H. M. LANE 


SAFETY IN QUARRY OPERATIONS 
(M28) 
“Sponsor body: National Safety Council 


REDFIELD PROCTOR 


SAFETY CODE FOR RUBBER 
MACHINERY (B28) 


* Sponsor bodies: International Association 
of Industrial Accident Boards and Commis- 
sions and National Safety Council 


E. S. AULT 
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SPECIFICATIONS AND METHOD OF 
TEST FOR SAFETY GLASS (Z26) 


* Sponsor bodies: National Bureau of 
Ntandards and National Conservation 
Bureau 


T. A. WALSH, JR. 


SAFETY CODE FOR TEXTILES (L1) 


* Sponsor body: National Safety Council 


M. A. GoLrick, JR. 


SAFETY CODE FOR VENTILATION 
(Z5) 


* Sponsor body: American Society of Heat- 
ing and Ventilating Engineers 
(To be appointed) 


SAFETY CODE FOR WALKWAY 
SURFACES (A22) 


* Sponsor bodies: The American Institute 

of Architects, and American Society of 

Safety Engineers—Engineering Section of 
National Safety Council 


G. K. PALSGROVE 


SAFETY CODE FOR WORK IN 
COMPRESSED AIR (Z28) 


* Sponsor body: International Association 
of Industrial Accident Boards and Com- 
missions 


L. J. EIBsen 


SPONSORING COMMITTEE FOR THE 
CENTER FOR SAFETY 
EDUCATION 


(Joint activity of New York University 
and National Conservation Bureau) 


Sponsor body: Association of Casualty 
and Surety Executives 


E. R. GRANNISS 
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BOILER CODE COMMITTEES 


ARTICLE B6A, PAR. 26: The Special Committee on Boiler Code shall, under the direction 
of the Council, have supervision of all the activities of the Society in connection with the 
A.S.M.E. Codes for Pressure Vessels, including the interpretations of these codes. 


The first Special Committee on Boiler Code was organized in September, 1911. 


MAIN COMMITTEE 


H. B. OatLey, Chairman 
H. E. Avpricu, Vice-Chairman 
D. 8. Jacosus, Honorary Chairman 
C. A. ADAMS 

T. B. ALLARDICE 

H. C. BoarpMAN 

PERRY CASSIDY 

R. E. Crecii 

A. J. 

V. M. Frost 

C. E. Gorton 

W. D. HALsEy 

W. G. HumpTon 

T. McL. JASPER 

C. O. MYERS 

C. W. OBERT 

JAMES PARTINGTON 

D. B. RossHEIM 

D. L. Rover 

WALTER SAMANS 

J. W. TURNER 

S. K. VARNES 

A. C. WEIGEL 

F. S. G. WILLIAMS 


J. W. Secretary 
M. Jurist, Assistant Secretary 


Honorary Members 


W. H. BorHM W. F. Kieset, Jr. 
W. F. Duranpb J. O. LEECH 

E. R. Fisu M. F. Moore 

A. M. GREENE, JR. I. E. Mouitrop 

C. L. Huston H. LeRoy WHITNEY 


CONFERENCE COMMITTEE 


. H. AGaton, California 
R. ArcHer, Delaware 
. G. BoLiock, St. Joseph, Mo. 
. M. Book, Pennsylvania 
. C. BozEMAN, Knoxville, Tenn. 
. M. Brirarn, Seattle, Wash. 
H. 8. Brunson, Minnesota 
E. 8S. Carpenter, Rhode Island 
S. CHERRINGTON, Ohio 
Ciry Borer INspr., Parkersburg, W. Va. 
A. J. CLay, Memphis, Tenn. 
D. J. Copy, Kansas City, Mo. 
A. L. Cotsy, Louisiana 
A. J. Conway, Indiana 
CLirF CUMMINGS, Tulsa, Okla. 
G. W. DEAN, Michigan 
M. A. Ep@ar, Wisconsin 
M. Focarty, Washington 
W. H. Furman, New York 
F. D. Garvin, Houston, Tex. 
GERALD GEARON, Chicago, III. 
MATTHEW GIBSON, Maryland 
C. W. Harness, Iowa 
Inp. Com. or Utan, Utah 
H. C. Jacoss, St. Louis, Mo. 
. C. Jovuenin, Tampa, Fla. 
. K. Kug@er, District of Columbia 
. E. Leppy, New Orleans, La. 
N. LeHoczkKy, Ohio 
. Luster, Miami, Fla. 
. McGinnis, Los Angeles, Calif. 
. Nebraska 
. Mitts, Detroit, Mich. 
A. Murpock, Massachusetts 
J. D. Newcoms, Jr., Arkansas 


— 


W. L. Newton, Oklahoma 

L. C. PEAL, Nashville, Tenn. 

A. C. RASMUSSEN, Omaha, Neb. 
J. D. Reep, Texas 

CHARLES SATTLeER, West Virginia 
E. K. Sawyer, Maine 

J. F. Scorr, New Jersey 

F. H. Suvurorp, North Carolina 

F. W. SmirnH, Oregon 

E. Smirn, Hawaiian Islands 


EXECUTIVE COMMITTEE 


. S. Jacospus, Chairman 
E. Aupricu, Vice-Chairman 
C. BOARDMAN 

. J. ELY 

. M. Frost 

. B. OATLEY 

. W. OBERT 

JAMES PARTINGTON 


SUBCOMMITTEES 


BoILers OF LOCOMOTIVES 


JAMES PARTINGTON, Chairman 
J. M. 

H. G. MILier 

H. B. OATLey 


Care OF STEAM BorLers AND OTHER 
PRESSURE VESSELS IN SERVICE 


F. M. Grsson, Chairman 
D. C. CARMICHAEL 
V. M. Frost 

J. R. 

FRANK HENRY 

J. A. HUNTER 

H. J. Kerr - 

P. B. PLAce 

S. T. 

C. W. RIce 

J. B. RoMER 

W. C. ScHROEDER 
F. G. Straus 


CopE SYMBOL STAMPS 


C. O. Myers, Chairman 
H. E. ALprRicu 
W. D. HALsey 


CooRDINATION 


V. M. Frost, Chairman 
W. D. HALsey 

H. B. OatLey 

C. W. OBERT 


FERROUS MATERIALS 


E. C. CHAPMAN, Chairman 
A. B. BaGsar 

L. D. Burritt 
C. L. 

A. J. 

H. J. Frencu 
M. B. Hieerns 
W. G. HumptTon 
A. HurtTGEN 

T. McL. JASPER 
J. J. KANTER 
H. J. Kerr 


A. B. 
. MALCOLM 
. MocHEL 
. ROBINSON 
. ROSSHEIM 
. SPOONER 
. K. VARNES 
. E. 


HEATING Borers 


. W. Turner, Chairman 
. E. Bronson 

T. D. CASSERLY 
. A. Darts 

Wm. Fereuson 


MATERIAL SPECIFICATIONS 
Perry Cassipy, Chairman 
W. P. GERHART 
W. G. HumptTon 
P. J. SMITH 
T. G. Srirr 
A. C. WEIGEL 


MINIATURE BOILERS 


J. W. TURNER, Chairman 
Wo. FERGUSON 

W. H. FurMAN 

EK. W. Mears 

J. G. WHEATLEY 


NONFERROUS MATERIALS 


H. B. OatLey, Chairman 
W. F. BuRCHFIELD 

H. L. BurGgHorr 

F. W. Davis 

J. R. FREEMAN, JR. 

W. P. KLIMENT 

N. L. MocHen 

R. L. TEMPLIN 


Power BOILERS 


H. E. Chairman 
T. B. ALLARDICE 

Perry Cassipy 

V. M. Frost 

W. D. HaALsey 

D. L. Rover 

A. C. WEIGEL 


RULES FOR INSPECTION 


D. L. Royer, Chairman 
T. B. ALLARDICE 

W. H. FurMAN 

E. B. Van SANT 
GUSTAVE WELTER 


SpectaL DESIGN 


. WesstRoM, Chairman 

. BOARDMAN 
. CECIL 


REENE 


KorteN 

. PLUMMER 

. ROSSHEIM 

. WATERS 

WILLIAMS 
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UNFIRED PRESSURE VESSEL* 


WALTER SAMANS, Chairman 
H. C. BOARDMAN 

R. E. 

PAUL DIESERENS 

A. J. ELY 

W. D. HALSEY 

K. V. 

D. B. ROSSHEIM 

D. B. WESsSTROM 


WELDING 


Members of A.S.M.E. Boiler Code 
Committee 


JAMES PARTINGTON, Chairman 
O. R. CARPENTER 

E. C. CHAPMAN 

J. H. DEPPELER 

W. D. HALsey 

R. K. HopKINs 

J. T. PHILLIPS 

Kk. L. WALKER 


Members of Conference Committee of 
American Welding Society 


©. W. Opert, Chairman 
C. A. ADAMS 

H. C. BoARDMAN 
SAMANS 

A. C. WEIGEL 
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SPECIAL COMMITTEES 


APPROVAL OF NEW MATERIALS 
C. A. Apams, Chairman 


CLap VESSELS 
8S. K. Varnes, Chairman 
FAILURE OF SPHERICAL HypROGEN STORAGE 
TANK 
F. L. Newcoms, Chairman 


FEEDWATER 
C. W. Rice, Chairman 


JACKETED VESSELS 
WALTER SAMANS, Chairman 


LAYER VESSELS 
H. C. BoarpMAN, Chairman 


Low TEMPERATURE VESSELS 


C. W. Opert, Chairman 


Nozz_e CONSTRUCTION 
WALTER SAMANS, Chairman 
PROCEDURE 
H. E. Avtpricu, Chairman 
RaApIOGRAPHIC EXAMINATION OF WELDED 
JOINTS 
C. A. ADAMS, Chairman 
Revision or Section VIII or tHe A.S.M.E 
BoILer 
E. R. Fisn, Chairman 
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RvuLes Fork BoLTeD FLANGED CONNECTIONS 
F. S. G. Chairman 


Rvutes For DisHeD 
H. C. BoarpMAN, Chairman 


RULES FOR OPENINGS 
T. D. Tirrr, Chairman 


Sarety VALVE REQUIREMENTS 
H. B. Oatiey, Chairman 


AP1-ASME COMMITTEE ON UNFIRED 
PRESSURE VESSELS 


WALTER SAMANS, Chairman 
A.S.M.E. Representatives 


T. McL. JASPER 
JAMES PARTINGTON 


H. C. BoarpMAN 
Rk. E. 
D. S. Jacosus 


A.P1I. Representatives 


A. J. Ely WALTER SAMANS 
M. B. T. D. Turrr 
K. V. KIne 


THE WOMAN'S AUXILIARY TO THE A.S.M.E. 


The Woman’s Auxiliary to the A.S.M.E. was organized on May 10, 1923, and its Constitu- 
tion and By-Laws was approved by the Council of the A.S.M.E. on October 27, 1924. The 
objects of the Auxiliary are to render service to all that pertains to the interest of the pro- 
fession of mechanical engineering; to cooperate with any committees of the A.S.M.E.: 
to assist the sons and daughters of the members of the Society or worthy students of 
mechanical engineering in obtaining scholarships; and to promote any other objects con- 
sistent with the aims or objects of the A.S.M.E. 


NATIONAL OFFICERS 


President, Mrs. R. F. Gage 
First Vice-President, Mrs. J. NoBLE LANpIS 


Second Vice-President, Mrs. Watpo McC. McKee 
Third Vice-President, Mrs. MAttHew S. CUMNER 


Fourth Vice-President, Mrs. J. A. FRANSEMA 


Fifth Vice-President, Mrs. Eugene R. McC artuy 


Recording Secretary, Mrs. RANDALL B. Purpy 
Corresponding Secretary. Mrs. L. W. BENNETT 
Treasurer, Mrs. E. Gus 


STANDING COMMITTEE CHAIRMEN 


Courtesy, Mrs. F. M. FARMER 
Student Loan, Mrs. F. M. Gipson 
Membership, Mrs. G. E. HAGEMANN 


Calvin W. Rice Scholarship, Mrs. J. NopLe LANpIS 


COUNCIL REPRESENTATIVES 


Haroitp V. 
Ropert M. GATES 


OFFICERS OF LOCAL SECTIONS 


CLEVELAND 
Chairman, Mrs. Eugene R. McCartuy 


Los ANGELES 
Chairman, Mrs. P. M. Kine 


METROPOLITAN 


Chairman, Mrs. B. SMITH 
First Vice-Chairman, Mrs. Watpo McC. McKee 
Second Vice-Chairman, Mrs. G. J. NICASTRO 
Third Vice-Chairman, Mrs. C. Hieste Youne 
Recording Secretary, Mrs. Ertk OBERG 
Corresponding Secretary, Mrs. C. F. Kayan 
Treasurer, Mrs. A. W. ANDERSON 


PHILADELPHIA 
Chairman, Mrs. F. W. MILLER 
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AWARDS 


The following paragraphs deal with the medals, awards, scholar- 
ships, and loan funds which come within the jurisdiction of the 
A.S.M.E. Other awards available to Student-members are listed 
in Mechanical Engineering, February, 1938, page 183. The Society 
also participates with other engineering societies in a number of 
joint awards. Further details concerning all the awards may be 
obtained from the headquarters of the Society. 


Honorary Membership, to which persons of acknowledged profes- 
sional eminence are elected by unanimous vote of Council under the 
provisions of the By-Laws and Rules. A list of honorary members 
is given on page RI-43. 


Life Membership, which may be conferred by the Council for 
distinguished service to the Society; or secured by a member by 
payment for an annuity in accordance with the provisions of the 
By-Laws. 


A.S.M.E. Medal, established by the Society in 1920 to be pre- 
sented, together with an engraved certificate, for distinguished 
service in engineering and science. May be awarded for general 
service in science having possible application in engineering. 


Holley Medal, instituted and endowed in 1924 by George I. Rock- 
wood, Past Vice-President of the Society, to be bestowed, together 
with an engraved certificate, for some great and unique act of 
genius of engineering nature that has accomplished a great and 
timely public benefit. 


Worcester Reed Warner Medal, established in 1930, provision 
for which was made in the will of Worcester Reed Warner, Hon- 
orary Member of the Society, is a gold medal to be bestowed, 
together with an engraved certificate, for an outstanding contribu- 
tion to permanent engineering literature. 


Melville Prize Medal for Original Work, established in 1914 by 
the bequest of Rear-Admiral George W. Melville, Honorary Mem- 
ber and Past-President of the Society, to be presented, together 
with an engraved certificate, for an original paper or thesis of 
exceptional merit, presented to the Society by a member for dis- 
cussion and publication during the calendar year previous to the 
year of award, to encourage excellence in papers. Only papers of 
single authorship are eligible. The medal may be_ presented 
annually. 


Spirit of St. Louis Medal, established by an endowment fund 
created in 1929 by citizens of St. Louis, Mo., to be awarded for 
meritorious service in the advancement of aeronautics. This medal 
will be awarded at the discretion of the Council of the Society at 
approximately three-year periods upon the recommendation of its 
Board of Honors and Awards. 


Npirit of St. Louis Junior Award, established in 1938 by an 
endowment fund created by the General Committee for the 1935 
Aeronautic Meeting in St. Louis; a cash award of $50 and certifi- 
cate made every three years, for the best paper on an aeronautic 
subject presented at any A.S.M.E. meeting during the three-year 
period either personally by the author (a Junior Member of the 
Society under thirty years of age) or by a Junior Member desig- 
nated by him, and submitted to the Board of Honors and Awards 
within a reasonable period (to be determined by the Committee) 
after its initial presentation. 


Pi Tau Sigma Medal Award, established in 1938, endowed by 
Pi Tau Sigma, the national honorary mechanical engineering 
fraternity, to be presented annually, together with an engraved 
certificate, to a young mechanical engineer for outstanding achieve- 
ment in his profession within the ten years after graduation from 
a regular four-year mechanical engineering course of a recognized 
American college or university. Any mechanical engineering 
graduate, not more than thirty-five years of age, whose achieve- 
ment has been all or in part in any field including industrial, edu- 
cational, political, research, civic, etc., is eligible. 


Junior Award, annual cash award of $50, established in 1914, 
from a fund created by Henry Hess, Past Vice-President of the 
Society, to be presented, together with an engraved certificate, for 
the best paper or thesis submitted during the calendar year pre- 
vious to the year of award by a Junior Member not more than 
thirty years of age. Papers of joint authorship are eligible. 


Charles T. Main Award, annual cash award of $150, established 
in 1919 from a fund created by Charles T. Main, Past-President 
of the Society, to be awarded, together with an engraved certifi- 
cate, to a Student-member of the Society, for the best paper within 


the general subject of the influence of the profession upon public 
life. The exact subject is assigned by the Board of Honors ani| 
Awards, subject to the approval of the Council, and is announce 
each year through the Honorary Chairmen of the Student 
Branches. 


Student Awards, two annual cash awards of $25 each, established 
in 1914, from a fund created by Henry Hess, Past Vice-President 
of the Society, to be presented, together with engraved certificates, 
for the best papers or theses submitted by Student-members. The 
awards for 1932 and subsequent years have been given, one for 
undergraduate and the other for postgraduate work. 


SCHOLARSHIPS AND LOAN FUNDS 


Mar Toltz: Loan Fund of $15,000 established by Major Max 
Toltz, former member of the Council of the Society, the income to 
be used for assistance to Student-members. 

John R. Freeman: Fund of $25,000 established in 1926 by John 
R. Freeman, Past-President of the Society, the income to be used 
for travel scholarships and research. 

Woman's Auviliary: Educational Loan Fund offered by the 
Woman’s Auxiliary to the Society to assist sons and daughters of 
members or worthy students of mechanical engineering. Calvin W. 
Rice Memorial Scholarship Fund for students in mechanical engi- 
neering from South America. 


RECIPIENTS OF AWARDS 


The names of the recipients of the different awards to date are 
given in the following lists, together with the dates of presenta- 
tion, and the services or papers for which the awards were male. 
There were no awards for the years not listed. 


A.S.M.E. MepAL 


1921 HJALMAR GOTFRIED CARLSON, in recognition of the services 
rendered the Government because of his invention and part 
in the production of 20,000,000 Mark III drawn steel booster 
casings used principally as a component of 75-mm_ high 
explosive shells, but also used extensively in gas shells and 
bombs 

1922. FreperrcK ARTHUR HALsey, for his paper describing the 
premium system of wage payments presented before thie 
Society at the Providence Meeting in 1891, as the adoption 
of the methods there proposed has had a profound effect 
toward harmonizing the relations of worker and employer 

1923. JoHN RipLEY FREEMAN, for his eminent service in engi- 
neering and manufacturing by his meritorious work in tire 
prevention and the preservation of property 

1926 R. A. MILLIKAN, in recognition of his contributions to 
science and engineering 

1927 Wutrrep Lewis, for his contributions to the design and con- 
struction of gear teeth 

1928 JULIAN KENNEDY, for his services and contributions to thie 
iron and steel industry 

1929 WittiAmM LeRoy EmMet, for his contributions in the de- 
velopment of the steam turbine, electric propulsion of ships, 
and other power-generating apparatus 

1931 ALBERT Kinespury, forshis research and development work 
in the field of lubrication 

1933. AMBROSE SwWASsEY, for his contributions to the advancement 
of the engineering profession and for his part in the develop- 
ment of the turret lathe and the astronomical telescope 

1934. Wuiiis H. Carrier, in recognition of his research and de- 
velopment work in air-conditioning 

1935 CHARLES T. MAIN, for distinguished achievements in the 
textile and other industries, in engineering education, and 
for eminent service to the engineering profession 

1936 Epwarp Bauscu, for meritorious mechanical developments 
in the field of optics 

1937 Epwarp P. BULLARD, for outstanding leadership in the de- 
velopment of station-type machine tools 

1938 SrepHeN J. Pigott, for outstanding leadership in marine 
propulsion and construction 

1939 James E. GLEASON, for service to the cause of safer and 
better transportation 

1940 CuHarLes F. Ketrertnc, for outstanding inventions and 
research 
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THEODOR VON KARMAN, for his brilliance as a teacher, his 
researches in elasticity and many fields of physics and me- 
chanics, and his distinguished leadership in the fields of 
aerodynamics and aircraft design 

KE. G. BAILey, for achievement and leadership in steam and 
combustion engineering 

Lewis K. SILicox, pre-eminent learned technologist—lover 
of wisdom—inspirer of men 

Epwarp G. Bubp, for the development of stainless-steel 
railway passenger cars. 


MEDAL 


HJALMAR GOTFRIED CARLSON, for his inventions and proc- 
esses which made possible the timely production of drawn 
steel booster casings for artillery ammunition, thereby aid- 
ing victory in World War I (diploma in recognition of 
achievements presented in 1921) 

ELMER AMBROSE SpeRRY, for achievements and inventions 
that have advanced the naval arts, including the gyroscope 
that has freed navigation from the dangers of the fluctu- 
ating magnetic compass 

Baron CHUZzABURO SuHiBA, for his contributions to knowl- 
edge through fundamental research, including the field of 
aerodynamics, by the development of ultra-rapid kinemato- 
graphic methods 

Irvine LANGMUIR, for his contributions to science and engi- 
neering, including the development of gas-filled incandescent 
lamps, thoriated filament for thermionic emission, atomic 
hydrogen welding, phase control operation of the thyratron 
tube, and fundamental research in oil films 

Henry Forp, for revolutionary influence through invention 
and practice on transportation and on mass production 
methods in manufacturing 

FREDERICK G. CoTTrRELL, for preeminent public service—the 
invention of electric precipitation—advancement of the sci- 
ence of gas liquefaction—gifts for engineering research 
Francis HopGKINsOoN, for meritorious services in the devel- 
opment of the steam turbine 

Car. E. JOHANSSON, in recognition of his pioneer work in 
the development of basic measuring gages 

Epw1n Howarp ARMSTRONG, for his leadership in the field 
of radio communication 

JoHN C. GARAND, for the invention and development of the 
semi-automatic rifle, which has been adopted by the U.S. 
Army as the U.S. Rifle, Caliber .30, M1, an outstanding 
contribution to our national defense 

Ernest O. LAWRENCE, for originating the cyclotron, a unique 
invention for producing high-speed electrified particles, and 
for adapting it to research in physics, chemistry, medicine, 
and the properties of engineering materials 

VANNEVAR Bush, for machines used in easing applied mathe- 
matics from computational barriers 

Cart L. Norpen, for the invention and development of the 
Norden bombsight and other valuable devices which should 
hasten the peace. 


Worcester REED WARNER MEDAL 


Dexter S. KIMBALL, for his contributions to efficiency in 
management as exemplified by his recently revised “Prin- 
ciples of Industrial Organization” and by his many articles, 
engineering society papers, and public addresses 

RaupH E. FLANpERS, for his contributions to a better under- 
standing of the relationship of the engineer to economic 
problems and social trends as exemplified by the many 
papers which he has presented 

STEPHEN TIMOSHENKO, for his contributions to the theory 
of the design of elastic structures and the treatment of 
dynamics of moving machinery ; 

Cartes M. ALLEN, for his early and continued hydraulic 
laboratory work and for the permanent value of the papers 
on his development of methods of testing large hydraulic 
turbine installations 

CLARENCE F. HirRSHFELD, for his research and contributions 
to the theory and practice of heat-power engineering as 
exemplified by books and papers 

Lawrorp H. Fry, for contributions relating to improved 
locomotive boiler design and utilization of better materials 
In railway equipment 

RUPEN EKSERGIAN, for influential papers of permanent value 
in A.S.M.E. Transactions 
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WILLIAM BENJAMIN GreGorRY, for distinguished work in 
hydraulic engineering, which has been the basis for many 
engineering papers 

RIcHARD VYNNE SOUTHWELL, for his many distinguished 
services to engineering and science through papers and pub- 
lications in many fields, including aeronautics, theory of 
structures, elasticity, and hydrodynamics 

Frep H. Cotvin, for his contributions to both technical ad- 
vancement and improvement in management in the metal- 
working industries, as influenced by more than fifty years 
of articles and books—particularly American Machinists’ 
Handbook 

Icor I. Srkorsky, for contributions inspiring creative engi- 
neering, especially in aeronautics 

EARLE BUCKINGHAM, for original contributions to engineer- 
ing literature. 


MELVILLE PRIZE MEDAL FOR ORIGINAL WoRK 


Leon P. Atrorp, “Laws of Manufacturing Management” 
JosePH W. Roe, “Principles of Jig and Fixture Practice” 
HERMAN DiIepERICHS and WILLIAM D. Pomeroy, “The Oc- 
currence and Elimination of Surge or Oscillating Pressure 
in Discharge Lines From Reciprocating Pumps” 

ARTHUR E. GruNert, “Comparative Performance of a Pul- 
verized-Coal-Fired Boiler Using Bin System and Unit Sys- 
tem of Firing” 

ALEXEY J. STEPANOFF, “Leakage Loss and Axial Thrust in 
Centrifugal Pumps” 

WILLIAM CaLpweE LL, “Characteristics of Large Hell Gate 
Direct-Fired Boiler Units” 

Oscar R. WrKANDER, “Draft-Gear Action in Long Trains” 
H. A. Stevens Howartnu, “The Loading and Friction of 
Thrust and Journal Bearings With Perfect Lubrication” 
AtrreD J. Bitcut, “Supercharging of Internal-Combustion 
Engines With Blowers Driven by Exhaust-Gas Turbines” 
ALPHONSE I. Liperz, “Air Resistance of Railroad Equip- 
ment” 

Lester M. GotpsMitH, “High-Pressure High-Temperature 
Turbine-Electrie Steamship J. W. Van Dyke” 

Cart A. W. Branprt, “The Locomotive Boiler” 

Rocer V. Terry, “Development of the Automatic Adjustable- 
Blade-Type Propeller Turbine” 

J. KENNETH Satispury, “The Steam-Turbine Regenerative 
Cycle—An Analytical Approach” 

Ernest L. Ropinson, “Bursting Tests of Steam-Turbine 
Disk Wheels. 


Spirit oF Saint Louis MEDAL 


DANIEL GUGGENHEIM, founder of the Guggenheim Fund for 
the Promotion of Aeronautics 

PaAuL LitTcHFIELD, for his work in encouraging and sponsor- 
ing airship design and construction in this country 

Wit Rocers, for his splendid, constructive, and unselfish 
work in the achievement of aviation, and the building up of 
publie confidence in aviation through his articles in the 
press, over the radio, and from the speaker’s platform 
James H. Doouirr_e, for meritorious service in the advance- 
ment of aeronautics 

Joun E. Youncer, for notable contributions to the science 
of airplane design, particularly in the conception, analysis. 
and supervision of the development of the fundamental 
design principles, requirements, and criteria which first as- 
sured the success of the pressure-cabin type of high-altitude 
airplane 

Grorce W. Lewis, for leadership in direction and encourage- 
ment of aeronautical research, having an extensive influence 
on aeronautical engineering during the past quarter century. 


Spirit or Sarnt AWARD 


Wiper W. Reaser, “Calculation of the Heat Loss From an 
Airplane Cabin” 

Martin GoLtanp, “The Influence of the Shape and Rigidity 
of an Elastic Inclusion on the Transverse Flexure of Thin 
Plates.” 


Pr Tau Si¢éma MEDAL 


Wi trrip E. Jonnson, for his development work in the field 
of refrigeration 
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Joun I. YELLorT, JR., in recognition of significant achieve- 
ments in steam-flow research and engineering education; also 
contributions on “Supersaturated Steam” and “Condensation 
of Flowing Steam in Diverging Nozzles” 

Gerorce A. HAWKINS, for significant achievements in high- 
pressure steam research and engineering education 

R. HosmMeR Norris, for outstanding achievement in me- 
chanical engineering, particularly in the heat-transfer field 
Joun T. Rerrauiata, for outstanding achievement in me- 
chanical engineering. 


Junion AWARD 


Ernest O. Hickste1n, “Flow of Air Through Thin Plate 
Orifices” 

L. M. McMrt1an, “The Heat Insulating Properties of Com 
mercial Steam-Pipe Coverings” 

E. D. WHALEN, “Properties of Airplane Fabrics” 

S. Logan Kerr, “Moody Ejector Turbine” 

R. H. Herman, “Heat Losses From Bare and Covered 
Wrought-Iron Pipe at Temperatures up to 800 Degrees 
Fahrenheit” 

F. L. KatuaM, “Preliminary Report on the Investigation of 
the Thermal Conductivity of Liquids” 

S. 8. Sanrorp and SaBin Crocker, “The Elasticity of Pipe 
Bends” 

R. H. Hertman, “Heat Losses Through Insulating Material” 
Gitpert S. ScHALLER, “An Investigation of Seattle as a 
Location for a Synthetic Foundry Industry” 

WituraM M. Frame, “Stresses Occurring in the Walls of an 
Elliptical Tank Subjected to Low Internal Pressure” 

M. D. AIsENsTEIN, “A New Method of Separating the Hy- 
draulic Losses in a Centrifugal Pump” 

ArTHUR M. WAHL, “Stresses in Heavy, Closely Coiled 
Helical Springs” 

Ep Srnciark SmqrH, “Quantity-Rate Fluid Meters” 

M. K. Drewry, “Radiant-Superheater Developments” 
EpmMonp M. WaAcNeR, “Frictional Resistance of a Cylinder 
Rotating in a Viscous Fluid Within a Coaxial Cylinder” 
TOWNSEND TINKER, “Surface Condenser Design and Operat- 
ing Characteristics” 

JoHN I. YELLoTT, JR., “Supersaturated Steam” 

STan.ey J. MriKina, “Effect of Skewing and Pole Spacing 
on Magnetic Noise in Electrical Machinery” 

Harwoop F. MuLLIKAN, JR., “Evaluation of Effective Ra- 
diant Heating Surface and Application of the Stefan-Boltz- 
man Law to Heat Absorption in Boiler Furnaces” 

LESLIE J. Hooper, “American Hydraulic-Laboratory Prac- 
tice 

ARTHUR C. STERN, “Separation and Emission of Cinders and 
Fly Ash” 

Rospert E. Newton, “A Photoelastic Study of Stresses in 
Rotary Disks” 

JouN T. Retrarrata, “The Combustion Gas Turbine” 
Winston M. Dupbtey, “Analysis of Longitudinal Motions in 
Trains of Several Cars” 

TROELS WARMING, “Power Pulsation Between Synchronous 
Generators.” 


T. MAIn AWARD 


CLEMENT R. Brown, Catholic University of America. Sub- 
ject: “The Influence of the Locomotive on the Unity of 
the United States” 

W. C. Saytor, Johns Hopkins University. Subject: “The 
Effect of the Cotton Gin Upon the History of the United 
States During Its First Seventy Years” 

No Award. Subject: “Scientific Management and Its Effect 
Upon the Industries” 

Ropert M. Meyer, Newark College of Engineering. Sub- 
ject: “Scientific Management and Its Effect Upon Manu- 
facturing” 

No Award. Subject: “The Influence of Engineering on Farm 
Production” 

JuLes PopNnossorr, Polytechnic Institute of Brooklyn. Sub- 
ject: “The Value of the Safety Movement in the Industries” 
Rosert E. Kuise, University of Michigan. Subject: “Inter- 
changeability—Its Development and Significance in Indus- 
try” 

MARSHALL ANDERSON, University of Michigan. 
“Apprenticeship and Vocational Training” 
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Grorce D. WILKINSON, JR., Newark College of Engineering, 
Subject: “Progress in the Prevention of Smoke and Atmos 
pherie Pollution” 

Pup P. SEtr, Colorado State College. Subject: “Air Con. 
Practicability and Relation to Public Wel. 
are” 

G. LoweLL WILuiAMs, Lafayette College. Subject: “Co. 
ordinated Transportation—An Economic Comparison of 
Railroad, Bus, Truck, Water, and Air Transportation for 
Long and Short Haul” 

No Award. Subject: “Development in the Generation and 
Distribution of Power and Their Effect Upon the Consumer” 
ALLAN P. Stern, Case School of Applied Science. Subject: 
“The Influence of the Introduction of Labor Saving Ma- 
chinery Upon Employment in the United States” 

Epwarp W. CoNNOLLy, University of Detroit. Subject: 
“Economic Limitations in Engineering Design, With Con- 
crete Examples” 

JAMES R. Briout, Lehigh University. Subject: “The Eeo- 
nomics of Investment in New Manufacturing Equipment— 
With Concrete Cases” 

FraNK DE Povu.p, Case School of Applied Science. Subject: 
“What Has Been the Effect of Technological Advance on 
Employment?” 

JoHN J. BALuN, University of Detroit. Subject: “The Need 
and Possibilities of Participation by Engineers in Public 
Affairs” 

BerNArD J. ISABELLA, Case School of Applied Science. Sub- 
ject: “The Engineer and Preparation for the Coming 
Peace” 

MITCHELL C. KAzEN, University of Detroit. Subject: “Goy- 
ernment as Affected by Engineering” 

Frep M. PraskowskI, University of Detroit, “A Case Stud) 
of Labor-Management Co-Operation.” 


StupENT AWARD 


Boynton M. GRreeN, Stanford University, “Bearing Lubri- 
cation” 

Howarp E. Stevens, Rensselaer Polytechnic Institute, “An 
Investigation of the Dynamic Pressure on Submerged Flat 
Plates” 

M. ApaM, Louisiana State University, “The Adaptability 
of the Internal Combustion Engine to Sugar Factories and 
Estates” 

H. R. HAMMOND and C. W. Hotmsere, The Pennsylvania 
State College, “Study of Surface Resistance With Glass as 
the Transmission Medium” 

C. F. Len and F. G. Hampton, Stanford University, “An 
Experimental Investigation of Steel Belting” 

W. E. Hetmick, Stanford University, “An Experimenta! 
Investigation of Steel Belting” 

Howarp G. ALLEN, Cornell University, “Wire Stitching 
Through Paper” 

Kari H. Wuirte, University of Kansas, “Forces in Rotary 
Motors” 

RicHarp H. Morris and Apert J. R. Houston, University 
of California, “A Report Upon an Investigation of the Her- 
schel Type of Improved Weir” 

CHARLES F. OLMsTEAD, University of Minnesota, “Oil Burp 
ing for Domestic Heating” 

H. E. Doouitr.e, University of California, “The Integrating 
Gate: A. Device for Gaging in Open Channels” 

Georce Stuart CiarK, Stanford University, “Two Method: 
Used for the Determination of the Gasoline Content of Ab- 
sorption Oils in Absorption Plants” 

L. J. FRANKLIN and CHartes H. Smiru, Stanford Univer 
sity, “The Effect of Inaccuracy of Spacing on the Strengtb 
of Gear Teeth” 

Harry Pease Cox, Jr., Rensselaer Polytechnic Institute. 
“A Study of the Effect of End Shape on the Towing Re 
sistance of a Barge Model” 

W. S. Montcomery, Jr. and E. Ray Enpers, Jr.. The 
Pennsylvania State College, “Some Attempts to Measure the 
Drawing Properties of Metals” 

R. E. Peterson, University of Illinois, “An Investigation o 
Stress Concentration by Means of Plaster of Paris Spec 
mens” 

Ceci. G. Hearp, University of Toronto, “Pressure Dit 
tribution Over U.S.A. 27 Aerofoil With Square Wing Tips- 
Model Tests” 
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ALFRED H. MARSHALL, Princeton University, “Evaporative 
Cooling” 

Roger Esy, University of Washington, “Measure- 
ment of the Angular Displacement of Flywheels” 
CLARENCE C. FRANCK, Johns Hopkins University, “Condi- 
tion Curves and Reheat Factors for Steam Turbines” 
FRANK VERNON BistroM, University of Washington, “An 
Investigation of a Rotary Pump” 

WILLIAM WALLACE WuHirtE, University of Washington, “An 
Investigation of a Rotary Pump” 

GERARD EDEN CLAUSSEN, Polytechnic Institute of Brooklyn, 
“High-Temperature Oxidation of Steel” 

Harotp L. ApAMs and Ricwarp L. Stiru, University of 
Washington, “A Wind Tunnel for Undergraduate Labora- 
tory Experiments” 

PopnossorF, Polytechnic Institute of Brooklyn, “Pres- 
sure and Energy Distribution in Multi-Stage Steam Tur- 
bines Operating Under Varying Conditions” 

H. E. Foster, Jr., University of Tennessee, “Factors Affect- 
ing Spray Pond Design” (Undergraduate Award) 

WitutrAM A. Mason, Stanford University, “An Experi- 
mental Investigation of the Flame Propagation in Internal- 
Combustion Engines” (Postgraduate Award) 

Hvuco V. CorpIAno, Polytechnic Institute of Brooklyn, 
“Thermal Analysis of Lithium-Magnesium System of Al- 
loys” (Undergraduate Award) 

JAMES A. OSTRAND, JR., Princeton University, “Sudden En- 
largement in the Open Channel” (Postgraduate Award) 

H. ReEyYNoLps Hupson, Georgia School of Technology, “Dy- 
namie Balance and Functional Utility Applied to Auto- 
motive Design” (Undergraduate Award) 

CHARLES P. Bacwa, Rutgers University, “The Behavior 
of Metals Subjected to Combined Stress” (Postgraduate 
Award) 

Rosert W. Bea, Oregon State College, “Do Lubricating 
Oils Wear Out?” (Undergraduate Award) 

Leon B. Stinson, Oklahoma Agricultural and Mechanical 
College, “Polymerized Motor Fuels; Their Economic Sig- 
nificance” (Undergraduate Award) 
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DeWrrr D. Bartow, Jr., Princeton University, “The Criti- 
cal Speeds of Lateral Vibrations of Shafts with Gyroscopic 
Effects” (Postgraduate Award) 

Gino J. MARINELLI, Rensselaer Polytechnic Institute, “In- 
vestigation of the Towing Resistance of a Model Submarine 
Hull” (Undergraduate Award) 

MarsHALL C. Lone, Princeton University, “An Investiga- 
tion Into the Angular Characteristics of an Adjustable 
Blade Current Meter” (Postgraduate Award) 

Donatp C. McSortey, Michigan State College, “Humidity 
Insulation” (Undergraduate Award) 

Davin T. JAMEs, Michigan State College, “Bells—Concern- 
ing Their Tones” (Undergraduate Award) 

Grorce W. SHEPHERD, Je., Princeton University, “An Auto- 
matic Mechanical Control for Synchronizing Prime Movers” 
(Postgraduate Award) 

Epwarp D. Rowan, Oregon State College, “Powder Metal- 
lurgy” (Undergraduate Award) 

G. WALKER GILMER, III, University of Florida, “Center of 
Pressure Characteristics of a Marconi Yacht Sail” (Under- 
graduate Award) 

ArtHuR W. McC.ure, Princeton University, “A Specific 
Speed Analysis of Turbosuperchargers for Aircraft” (Post- 
graduate Award) 

J. Packarp Larrp, Princeton University, “An Analysis of 
Motorcycle Behavior” (Undergraduate Award) 

L. Hutton, Princeton University, “The Aero- 
dynamie Development of the Star Sail” (Undergraduate 
Award) 

NELSON B. HAMMOND, University of Pennsylvania, “An 
Investigation of Silver Solder Penetration in Brass Joints” 
(Undergraduate Award). 


FREEMAN TRAVEL SCHOLARSHIP 


HeErBErT N. EATON 1933 
BLAKE R. VAN LEER 0a} J. Casey 
Rosert T. KNAPP 1935 


REGINALD WHITAKER 1936 L. Sraceres 


G. Ross Lorp 


HONORARY MEMBERS 


HONORARY MEMBERS IN 


ELECTED DIED ELECTED DIED 
PERPETUITY CHARLES DE FREMINVILLE.... 1919 1936 CHARLES H. MANNING....... 1913 ~=—-1919 
CaRL GustaF PATRICK DE REAR ADMIRAL GEORGE WAL- 
ALEXANDER LYMAN Hottey, Founder of the 1912 LACE MELVILLE ........... 1910 1912 
Society. Died 1882. RupowPH ........... 1912 1913  Grorce A. ORROK........... 1936 1944 
Joun Epson Sweet, Founder of the So-  argy Dow 1936 1942 Tue HonoraBte Sir CHARLES 
Died 1916. es 1886 1906 ALGERNON PARSONS ...... 1920 1931 
RossiTeR WORTHINGTON, Founder of DWELSHAUVERS-DERY. 1886 1913 CHARLES TALBOT PorTER..... 1890 1910 
the Society. Died 1880. THoMas ALVA EDISON....... 1904 1931 Epwin JAY PRINDLE........ 1939 1942 
ALEXANDRE GUSTAVE EIFFEL.. 1889 1923 AvueusTe C. E. RATEAv...... 1919 1930 
DECEASED HONORARY MEMBERS MARSHAL FERDINAND Focu.. 1921 1929 Sir Epwarp J. REep........ 1882 1906 
Sir CHarLes Dovetas Fox.. 1900 1921 FRANZ REULEAUX .......... 1882 1905 
ELECTED DIED JoHN RipLey FREEMAN..... 1932 1932 Catvin Winsor RIce........ 1931 1934 
Leon Pratt ALFoRD........ 1941 1942 Joun FRITZ 1900 1913 Patmer C. RICKETTS........ 1931 1934 
Horatio ALLEN ...... 1880 Magor GENERAL GrorGE Henri ADOLPHE-EUGENE 
LORENZO ALLIEVI ........... 1937 1941 WASHINGTON GOETHALS ... 1917 1928 1882 1898 
Siz WILLIAM ARROL........ 1905 1913, Franz GRASHOF ............ 1884 1893 CHARLES M. ScHwas........ 1918 1939 
Sm Joun AUDLEY FREDERICK RearR ADMIRAL Ropert STAN- JAMES A. SEYMOUR......... 1940 1943 
eee 1911 1937 ISLAU GRIFFIN 1920 1933 WILLIAM SIEMANS 1882 1883 
TLLIAM WALLACE Orro HALLAUVER ..........:. 1882 1883 VuscounT 1929 —1931 
Bruce BALt....... 1939 1944 — Hesaes- 1921 1938 
OHANN BAUSCHINGER 1884 1893 eee ee 4 eee 
Sm Henry BESSEMER....... 1891 Fktepricn Gu HERRMANN 1884 1907 TOWNE.... 
Sik Freperick BraM- Gustav ApoLpH HIRn....... 1882 1890 2 é 
WELL ... 1884 1903 JOSEPH HirscH ............ 1889 1901 Epwarp N. Trump.......... 1943-1944 
HN ALFRED BRASHEAR..... 1908 1920 
Gustave CANET ............ 1900 1908 Roserr Woortston Hunt.... 1920 1923 SAMUEL MATTHEWS VAUCLAIN 1920 1940 
ANDREW CARNEGIE ......... 1907 1919 BENJAMIN FRANKLIN ISHER- Henry Hacue VAUGHAN.... 1939 1942 
Dante. KINNEAR CLARK.... 1882 1896 1894 1915 OSKAR VON MILLER.......... 1912 1934 
Rupotpx Jutrus EMMANUEL ALBERT KINGSBURY ......... 1940 1943 Francis A. WALKER........ 1886 1897 
1882 1888 LEAUTE ......... 1916 Worcester REED WARNER... 1925 1929 
Hutcuinson I. Cone........ 1936 1941 Erasmus Darwin Leavirt.. 1915 1916 GrorGE WESTINGHOUSE ..... 1897 1914 
Sm Joun Coope............ 1889 1892 Henri Le CHATELIER........ 1927 1936 Srr HEeNry 1900 1913 
Mortimer ELwyn Cootey... 1928 1944 CHARLES THOMAS MAIN..... 1939 1943. ALFRED FERNANDEZ YAR- 
EYER COOPER 1882 1883 ANATOLE MALLET ........... 1912 1919 1932 
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LIVING HONORARY MEMBERS ELECTED ELECTED 


a WILLIAM FREDERICK DURAND...... 1934 Sir (STANDEN) LEONARD PEARCE.... 1944 
PERRIS. 1942 GRANDE UFFICIALE ING. P10 PERRONE 1920 
WILLIAM LaMont Apporr......... 1940 ARTHUR M. GREENE, JR............ 1940 Harry R. RICARDO................ 1942 
CHARLES M. ALLEN... 1944 Herpert CLARK Hoover............ 1925 Vick-ADMIRAL SAMUEL MURRAY 
WV 1942 JEROME C. HUNSAKER............. 1942 MaJsor GENERAL WILLIAM H. 
Mason GENERAL Levin H. CAmp- DEXTER SIMPSON KIMBALL......... 1939 Mason GENERAL CHARLES Macon 


PAST-PRESIDENTS 


Dates in parentheses denote year of death. 


ALEXANDER LyMAN Ho. Ley, Chairman of the Preliminary Meeting 1912 ALEXANDER CROMBIE HUMPHREYS (1927) 


for Organization of The American Society of Mechanical Engineers 1913 WILLIAM FREEMAN Myrick Goss (1928) 
(1882) 1914 JAMES Hartness (1934) 
1915 JOHN ALFRED SH 
1880-1882 Ropert Henry THURSTON (1903) 1916 D 
1883 ErasMvs DarwWIN Leavitt (1916) 1917 IrA NeLson (1930) 
1884 JouN Epson Sweet (1916) 1918 CHARLES THOMAS Marn (1943) 
1885 JosePHUS FLavius Hottoway (1896) 1919 MortiMer ELwyn Coorry (1944) 
1886 CoLEMAN SELLERS (1907) 1920 Frep J. MILLER (1939) 
1887 GEORGE H. BABCOCK (1893) 1921 EDWIN Ss. CARMAN 
1888 Horace See (1909) 1922 Dexter SIMPSON KIMBALL 
1889 Henry Ropinson Towne (1924) 1923 JoHN Harrineton (1942) 
1890 OBERLIN SMITH (1926) 1924 Low (1936) 
1891 Rosert Wootston Hunt (1923) 1925 WILLIAM FrepertcK DuRAND 
1892 CHARLES HARDING Lortne (1907) 1926 WILLIAM LAMONT ABBOTT 
1893-1894 EcKLEY BrINTOoN Coxe (1895) 1927 CHARLES M. Scuwas (1939) 
1895 Epwarp F. C. Davis (1895) 1928 ALEx Dow (1942) 
1896 Joun Fritz (1913) 1930 CHARLES Prez (1933) 
1897 WoRCESTER REED WARNER (1929) 1931 Roy V. Wricut 


1898 CHARLES WALLACE Hunt 11911) 
1899 GerorGE WALLACE MELVILLE (1912) (1943) 
1900 CHARLES HILL MorGan (1911) 

1934 Pau. Dory (1938) 
1901 SAMUEL T. WELLMAN (1919) 1935 R 
1902 Epwin Reyno.tps (1909) B D 
1903 James Mapes Dopce (1915) , 


1904 | AmBRose SwasEy (1937) 1937 James H. HERRON 

1905  JoHN RipLey FREEMAN (1932) 1938 Harvey N. Davis 

1906 FREDERICK WINSLOW TAYLOR (1915) 1939 ALEXANDER G. CHRISTIE 
1907 FREDERICK REMSEN Hutton (1918) 1940 Warren H. McBryve 
1908 Mrnarp LareveR HOLMAN (1925) 1941 A. HANLEY 
1909 JESSE MerricK SMITH (1927) 1942 JAMES W. PARKER 

1910 GerorcE WESTINGHOUSE (1914) 1943 Haroip V. Coes 

1911 Epwarp DANIEL MEIER (1914) 1944 Ropert M. Gates 


TREASURERS 


Apr. 1880—Dec. 1881 Lycureus B. Moore * 
Dec. 1881—Nov. 1884 CHARLES W. CoPpELAND (1895) 


1884—1925 WILLIAM H. WILey (1925) 
1925—1935 ERIK OBERG 
1935—1944 WILLIAM D. ENNIS 


1944—date K. W. JApre 


SECRETARIES 


Organization Meeting, 1880 SAMUEL S. WEBBER, JR. (1921) 
Acting Secretary, Apr.-Nov. 1880 Lycureus B. Moore * 

Nov. 1880—Mar.1883 THos. WHITESIDE RAE (1895) 
1883—1906 FreperIcK R. Huttron (1918) 
1906—1934 CaLvin W. Rice (1934) 
1934—date CLARENCE E. Davies 


* Deceased. Year not known 
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The page numbers in this section are preceded by the letters 


Abbreviations and Symbols, Graphical, Comm. . 
Abbreviations and Symbols, Letter, Comm.... 
i . on Safety Comm 
Acoustical Measurements, Rep. 
Administrative Organization Comm 
Admissions Comm, 
Adv rtising Manage r, A. S. M. are 


Re on Comm... 
Air Conditioning Comm 
Aircraft Heat Transfer Comm 
Alfred Noble Prize, / 
\llowances and Tolerances, Gages, Comm 


Applied Mechanics Div. Comms.............. 
ASA Mechanical Standards Comm., 
ASA Safety Code Correlating Comm., 


ASA Standards Council, 


Statements about 
Ball and Roller ¢ 


Biomechanics Comm. 


Revision of Section VIII, S 


Rules for Inspection of, 
. Special Design of, Comm 
Bolted Flanged Connections, 
Nut, and Rivet Proportions Comm 
r Light and Ventilation, 


Rules for, Comm. 


Cast lron Elevated atures, Rep. on 


Center Safety, Education, 


Sti amps_ Comm 


‘ompressors Blowers 
Centrifugal and Turbo, 
wg lace ment, Comm, 


quipme Comm. 
Conde nser Tubes Comm 
onstitution and By-Laws Comm 
tion Work, a on Safety Comm... 


- (Corrosion), Reps. on.... 


Index to Society Records, Part 1 


Coordination Comm, (Heat Transfer). 


Correlating Comm., ASA Safety Code, Reps. on 
Corrosion, Comm., Reps. on..... 


Council, M.E. 


Cranes, Derricks, and Hoists, Safety Comm. . 

Cut and Ground Thread Taps Comm.......... 
Cutting Tools, Single-Point, Comm... 
Daniel Guggenheim Medal Fund, Inc., ‘A. S.M.E. 


Definitions and Values, Power Test Codes 
Demolition Bomb Bodies Comm.............+ 
Development Fund 


Dimensional Limits and Allowances Comm.... 
Direct-Fined Fluid Heaters and Boilers Comm. 


Displacement Pumps, Reciprocating Steam- 

Distillation and Evaporation Comm........... 
Drawings and Drafting Room Practice Comm. 
Dues-Exempt Members’ Contributions Comm.. . 
Dust Explosions, Reps. on Safety Comm....... 
Dust Separating Apparatus Comm............ 


Education and Training for the Industries 


Education, Safety, Center for, A.S.M.E. Rep...9, 37 
E.1.C.-A.S.M.E. Joint Conference, A.S.M.E. 


Electrical Definitions, Rep. on Comm......... 
Electric Sockets and Lamp Bases Comm....... 


Electric Welding Apparatus, Rep. on Comm... 
Elevators, Safety Code 
Engineering Foundation, A.S.M.E. Reps....... 


Engineering Registration, National Bur. of, 


Engineering Societies, Cooperation in Safety 


Work, Reg. ont Comm... 


Engineering Societies Library Board, A.S.M.E. 


Engineering Societies Monographs Comm., 
Engineering Societies Personnel Service, Inc., 
Engineers’ Civie Responsibilities 


Engineers’ Council for Professional Develop- 


Engineers’ National Relief Fund, A.S.M.E. 


Evaporating Apparatus Comm............... 
Exhaust Systems, Rep. on Safety Comm....... 
Feedwater, Boiler Code Comm............... 
Feedwater Studies, Boiler, Comm............. 


Fire Tests, Building Construction and Ma- 


terials. Rep. on Comm.............. 
Floor and Wall Openings. Railings, and Toe 
Boards. Rep. on Safety Comm....... 
Forest Fire Protection, Rep. on Comm........ 


Forest Protection, Wood Industries Div. Comm. 
Forging and Het Metal Stamping, Rep. on 


Freeman Award Comm 


Freeman Scholarship. See John R. Freeman 


Travel Scholarships 


Fritz Medal Board of Award, A.S.M.E. Reps... 


Fuels, Calorifie Values, Rep. on Comm........ 
Fuels, Power Test Code Comm..............- 
Fuel Values, Calorific, Rep. on Comm......... 
Furnace Performance Factors Comm.......... 
Gages, Pressure and Vacuum, Comm.......... 


Gantt Medal Board of Award, A.S.M.E. Reps... 


Gas Burning Equipment, Power Boilers, Rep. on 


Gaseous Fuels, Rep. on Comm............... 
Gear Teeth, Strength of, Comm.............. 


George Westinghouse Bust Comm. See National 


Honors Comm. 


Glass, Safety, Rep. on Comm................. 


Graphic Presentation Comm..... ee 
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“RI,” which are omitted in the following index. 


.Materials Handling Div. Comms............. 


Heating Boilers Comm........... 
Heat Trameiet Die. 
Holley Medal 

Holmes Safety Association, A.S.M.E. Rep...... 
Honorary Membership, Statement about 
Honors and Awards 


Special Comm. on 
Hoover Medal Board of Award, A.S.M.E. Reps.. 


Hose Couplings, Screw Threads, Comm...... a 
Hydraulic Div. Comms........... 
Hydraulic Prime Movers 
Power Test Codes 
Hydrogen Storage Tank Comm.......... eed 
Industrial Furnaces and Kilns Comm....... “« 
Industrial Instruments and Regulators Div. 
Industrial Marketing 
Industrial Workers, Foundries, shommeaees of, 
Rep. on Safety Comm.........- aa 
Industrial Workers, Protection of, Reps. “on 
Safety Comm. 


Industries, Education and Training for, “Comm. 
Instruments and Apparatus, Power Test Codes 
Inter-American Development Commission, 
Reps. 

an Engineering Cooperation, 
Internal-C Engines 
Power Test Codes 
Research Comm. 
International Electrotechnical Commission, 

Iron and Steel Bars Comm...........-.+++++ 
Iron and Steel Div. See Metals Engineer- 
ing Div. 


Inter- 


Jacketed Vessels Comm........ 
Jig Bushings 
John Fritz Medal Board of Award, A.S.M.E. 
John R. Freeman Travel Scholarships 
Recipients 
Statement about 
Joint Conference Comm., A.S.M.E. Reps... 
Joseph A. Holmes Safety Association, A.S.M.E 
Journal of Mechanics, Editor......... 
Junior Award 
Ladders, Rep. on Safety Comm.........-.+-.. 
Laundry Machinery, Rep. on Safety Comm..... 
Layer Vessels 
Leather Belting 
Lectureships Comm. 
Life Membership, Statement about........... 
Lighting Factories, Mills, Rep. on Safety 
Loading Platforms, Rep. on Comm.........-- 
Local Seetions 
Nominating Comm., Groups of........... 
Regional Group Delegates to Annual Con- 
Standing Comm. 
Locomotives, Boilers of, 
Low Voltage Electrical Hazards, Rep. on Safety 


Machine Shop Practice Div. See Production 

Engineering Div. 
Machine Tool Elements Comm............... 
Machine Tools, Designations and Working 

Main Award. See Charles T. Main Award 
Management Div. Comms................... 
Manhole Frames and Covers, Rep. on Comm.. . 
Manufactured and Natural Gas Comm......... 
Manufacturing Engineering Comm........... 
Marston Award, A.S.M.E. Rep..... 


Materials, New, Boiler Code Comm........... 


Max Toltz Loan Fund, Statement about....... 

Mechanical Power-Transmission 
Safety Comm. ......... 

Mechanical Refrigeration, Reps. on Safety 


) 
ie 
31 11 Guggenheim Medal Fund, A.S.M.E. Reps......9, 10 es se ze 
31 Heated or Cooled Enclosures Comm.......... 
36 36 38 te 
82 26 11 
6 5 41 
5 5 40 
9 
32 36 43 
13 29 40 
13 25 
11 29 6 
American Association for the Advance t of 30 
American Documentation Institute, A.S.M.E. 26 
: American Standards Association, A.S.M.E. 35 
q American Year Book Corporation, A.S.M.E. 11 11 
32 34 12 
Medal 31 
Assistant Secretaries, A.S.M.E............... 37 
Awards, A.S.M.E. 5 
Recipients .. 40 | 9 
40 
9 
os 
7 9 35 
10 32 26 
6 31 
8 32 9 
8 25 30 
Boiler Code 36 
Conference Comm. 38 39 
Boiler Feedwater Studies Comm............. 25 9 43 
Boilers, Material Specifications Comm........ 88 40 
Roilers, Openings, 39 9 9 
4 Bull Materials Convevors Comm... 85 36 
i Comm 39 30 
Cast n Pipe, Reps. on Comm.............. 82 95 8 
Chucks and Chuck Jaws Comm.............. 29 36 
Coal and Coke, Rep. on Comm............... 32 95 15 ge 
Coal ( lean. Bituminous, Reps. on Comm....... 82 18 7 he 
Coal-Handling Equipment, Rep. on Comm..... 32 32 
: Coal Mines, Drainage, Rep. on Comm......... 82 14 15 Ae 
Coal Testing Code, Reps. on Comm. , 15 
Fuels Division 10 26 38 
«Compressed Air, Work’ in, Rep. on Safety 29 
Compressed Air Machinery and Equipment, 11 
10 28 
Engineering Group, Exec. Comm... 10 40 
$4 onveyors and Conveying Machinery, Safety 
Srdination Comm, (Boiler Code)........... 3) 37 
wo 
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Mechanical Separation Comm................ 13 
Mechanical Springs Comm................... 25 
Mechanical Standards, Reps. on Comm........ 32 
Meetings and Program Comm................ 6 
Melville Medal 
Membership Comm., Standing. See Admissions 
Comm. 
Membership Development Comm............. 
Merchant Council . Consultants Panel, 
Metallurgical Research, Rep. on Comm........ 27 
Metal Cutting Data and Bibliography Comm... 25 
Metals, Effect of Temperature on, Comm...... 25 
Metals Engineering Div. Comms.............. 12 
Metals, Fatigue Phenomena of, Rep. on Comm. 26 
Metals, Plastic Flow of, Comm.............. 26 
Mid-West Office, Location of................ 5 
Model Smoke Law 11 
Monographs Comm., A.S.M.E. Reps..........- 9 
National Bureau of ee Registration, 
National Fire Waste ‘Council, A.S.M.E. Rep.. 9 
8 
National Management Council, A.S.M.E. Reps.. 9 
National Research Council, A.S.M.E. Rep...... 9 
Nomenclature and Symbols, Heat Transfer, 
Nomenclature, Machine Tools, Comm......... 29 
Nomenclature, Standard, Comm.............- 12 
Nonferrous Materials Comm...............-. 38 
Nozzle Construction 39 
Oil and Gas Power Div. Comms...........-.  -e 
Oil Engine Power Cost Comm................ 13 
Openings, Rules for, Boiler Code Comm...... . 39 
Ordnance Advisory 8 
Paper and Pulp Mills, Rep. on Safety Comm.. 37 


Petroleum Comm., Process Industries Div..... 13 
Petroleum Products and Lubricants, Reps. on 


Pipe Flanges and Fittings Comm............. 29 
28 
Piping Codes and Standards, Joint Conference 
Comm., Reps. on Comm...........++ 2 
Piping Systems, Identification, Comm......... 31 
Pi Tau Sigma Award 
40 
Plastic Flow of Metals Comm................ 26 
Plumbing Equipment Comm................. 31 
38 
Power Boilers, Gas Burning Equipment in, Rep. 
13 
Power Test Codes Comm., Standing.........6, 34 
Power Test Codes Comms., Technical......... 34 
Power Test Codes, General Instructions Comm. 34 
Preferred Numbers, Rep. on Comm........... 32 
Presses, Rep. on Safety Comm................ 37 
Pressure Piping, Code for, Comm............ 30 


Pressure Vessels in Service, Care of, Comm.... 38 
Pressure Vessels, Unfired 


Prime Movers 

Power Test Codes Comm................ 35 

Speed Governing Specifications, Reps. on 

Process Industries Div. Comms.............. 13 
Production Engineering Div. Comms.......... 13 
Professional Conduct Comm................. 6 
Professional Divs. Comm., Standing......... 6, 10 
Professional Divs. Exec. Comms.............. 10 
Publications Comm. 

6 
Pumping Machinery 11 
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Pumps, Centrifugal and Rotary, Comm.. 5 34 
Pumps, Reciprocating Steam-Driven Displace- 
Punch Press Tools Comm..... 29 
12 
Quarry Operations, Rep. on Safety Comm...... 37 
Railroad Div. 18 
Rating of Rivers, Rep. on Comm............. 32 
Refractory Materials, Properties of, Rep. on 
Refrigerating Systems Comm................ 35 
Relations With Colleges Comm.............. 6, 23 
Representatives on Other Activities 
39 
Research Comm., 6, 25 
Research Comms., 25 
Research Procedure Comm. of Engineering 
Foundation, A.S.M.E. Rep........... 9 
Research Secretaries 


Rice Scholarship. See Calvin W. Rice Scholar- 


Rotating Electrical Machinery, Reps. on Comm. 32 


Rubber and Plastics Div. Comms............. 14 
Rubber Machinery, Rep, on Safety Comm...... 37 
Safety Comm., Materials Handling........... 12 
Safety Comme., Technical. 36 
Safety Education, Center for, A.S.M.E. Rep...9, 37 
Safety Valve Requirements Comm..........-. 39 


St. Louis Junior Award. See Spirit of St. Louis 
Junior Award 
St. Louis Medal. See Spirit of St. Louis Medal 


Scholarships and Loan Funds, Statement about. 40 
Screw Threads for Hose Couplings Comm...... 30 
Screw Threads, Standardization, Comm........ 28 
Screw Threads, U.S. Comm., Reps. on........ 33 
Secretarial Staff, 5 
Shaft Couplings 81 


Shipments on Skids and Pallets Comm........ 12 
Sieves for Testing Purposes, Rep. on Comm... 33 


Single-Point Cutting Tools Comm............ 29 
Single-Point Tool-Life Tests Comm,.......... 29 
Society Office Operation Comm..............- 8 
Society Organization Structure Comm........ 8 


Solid Fuels, Combustion Space for, Comm..... 31 
Speed, Temperature and Pressure Responsive 


Governors COMM. 35 

Spindle Noses and Collets Comm.............- 28 
Spirit of St. Louis Medal 

Spirit of St. Louis Junior Award 

40 
Splines and Splined Shafts Comm............ 29 
Springs, Mechanical, Comm................. 25 
Standardization Comm., Standing........... 6, 28 
Standardization Comms., Technical........... 28 
Standards Council, Reps. 33 
Standard Ton of Refrigeration, Rep. on Comm. 35 
Statistics in Engineering and Manufacturing 

$2 

Status of the Engineer Comm., A.S.M.E. Reps. 9 
Steam Boilers, Critical Pressure, eee 26 
Steam Boilers in Service, Care of, Comm...... 38 
Steam Engines, Reciprocating, Comm......... 34 
Steam-Generating Units, Stationary, Comm... 34 
Steam Locomotives Comm...... 35 


Steam Turbines, Special Standards Comm. 

Steel Shells, Forging of, Comm.............. 
Strength of Gear Teeth ‘Comm dens 
Strength of Vessels 
Student Awards 

Stedent Beamenes, List of... 
Surface Qualities 
Symbols and Abbreviations 

Symbol Stamps, Boiler Code, Comm.......... 
Technical Committees 


Technical Committees, Standing............. 
Testing Techniques Comm... 
Testing Wood, Rep. on Comm................ 
Textiles, Rep. on Safety Comm.............. 
Theory and Fundamental Research Comm..... . 
Therbligs, Process Charts, and Their Symbols, 
Thermal Insulating Materials, Rep. on Comm.. . 
Thermophysical Properties of Materials Comm. 
Toltz Fund. See Max Toltz Loan Fund 


Transmission Chains and Sprockets Comm... .. 


Unfired Pressure Vessels 
Unionism Comm, of E.C.P.D., A.S.M.E. Rep... 
United Engineering Trustees, Inc., A.S.M.E 
Ventilation, Rep. on Safety Comm........... 
Vermilye Medal Advisory Comm., 
Vessels, Low Temperature, Comm........... 
Vessels, Strength Under External Pressure, 
Walkway Surfaces, Rep. on Safety Comm..... . 
Warner Medal. See Worcester Reed Warne: 
Medal 
War Manpower Commission. See Consultative 
Comm. on Engineering 


Ww ashington Award ommission, A.S.M.E. Re 
Water for Industrial Uses, Rep. on Comm.. 
Water Heating, Volume, Rep. on Comm...... 
Welded Joints, Radiographic Examination of, 
Welding Apparatus, Electric, Rep. on Comm.. 
Westinghouse Bust Comm. See National Honors 
Comm. 

Wire and Sheet Metal Gages Comm.......... 
Wire Rope for Mines, Rep. on Comm........ 
Woman’s Auxiliary, Officers of.............. 
Woman’s Auxiliary Scholarship............- 
Wood Industries Div. Comms..............-. 
Worcester Reed Warner Medal 


World Power Conference, A.S.M.E. Rep....... 


34 

33 

24 

26 

= 

4” 

40 

13 

13 

30 

31 

3 

pe 3s 

2 

3H 

Stand lizatior 2s 

42 

+ 

37 

1 

33 

29 

44 

28 

8 es omm. . ee oe 

Bee: Twist Drill Sizes Comm { 

39 

4 
13 

39 

3u 

39 

= 

37 

8 

20 

9 

11 
33 

39 

39 

32 

30 

33 

33 

41 

40 

. 

Wor Standardizat Comm 12 

9 

26 

> 

7 

4 


V[emorial Biographies 


SOCIETY RECORDS—PART 2 


‘ Part 1 of Society Records for the year 
1945, containing Council and Committee 
personnel and other general information, 
was issued as a section of the Trans- 
actions for February, 1945. Part 2 is 
4 published for inclusion with all bound 
é copies of Volume 67 of the Transactions 

and distributed to members of the 

Soctety upon request. 


OCTOBER, 1945 


VOL. 67, NO. 7 


4 
0 
3 
3 
3 
| 
3 
4 
4 
29 
4 
an 
30 
a0) 
33 
4 
0 
4 
12 
9 
26 
| 
wea 
the 
¥ 


Transactions 


of The American Society of Mechanical Engineers 


Published on the tenth of every month, except March, June, September, and December 


OFFICERS OF THE SOCIETY: 


Avex D. Baixey, President 


K. W. Jarre, Treasurer C. E. Davigs, Secretary 


COMMITTEE ON PUBLICATIONS: 


E. J. Kates, Chairman 


L. N. Rowtey, Jr. H. L. Drypen 
W. A. Carter J. M. Juran 
A. Sretson. Editor K. W. Cienpinninc, Managing Editor 


ADVISORY MEMBERS OF THE COMMITTEE ON PUBLICATIONS: 
N. C. Esaucu, Fra. Hunter R. Hucues, Jr., Darvas, Texas O. B. Scuer, 2np, New York, N. Y. 


Junior Members 


Ricnarp S. Bippie, New York, N. Y., anp Josepu M. Sexton, New York, N. Y. 


Published monthly by The American Society of Mechanical Engineers. Publication office at 20th and Northampton Streets, Easton, Pa. The editorial 
department is located at the headquarters of the Society, 29 West Thirty-Ninth Street, New York 18,N. Y. Cable address, “Dynamic,” New York. Price $1.50 
a copy, $12.00 a year; to members and affiliates, $1.00 a copy, $7.50 a year. Changes of address must be received at Society mongapegeete two weeks before 
they are to be effective on the mailing list. Please send old as well as new address. .. . By-Law: The Society shall not be responsible for statements or op!0- 
ions advanced in papers or . . . printed in its publications (B13, Par. 4)... . . Entered as second-class matter March 2, 1928, at the Post Office at Easton, Pa., 
under the act of August 24, 1912.... oquerenans, 1945, by The American Society of Mechanical Engineers. Reprints from this publication may be made 
on condition that full credit be given the Transactions of the A.S.M.E. and the author, and that date of publication be stated. 


6 
| 
a 
3 
2 
4 
4 
4 
4 
5 
; 
} 
3 
4 
oh 


Memorial Biographies 


HE purpose of Memorial Biographies is to place on permanent record the bio- 

graphical and professional data relating to deceased members of The American 
Society of Mechanical Engineers. Hence every effort is expended to insure accuracy 
and to make the memorials as inclusive as is reasonably possible. 

The first source of information upon which these notices are based is the Society’s 
file of membership applications and transfers. In the case of the more recent members, 
these application records are fairly complete. The applications of those who became 
members many years ago, however, contain less detailed data, and in many cases the 
sponsors are no longer alive, so that assistance from this source cannot always be 
obtained. If the member has been retired for several years prior to his death, his 
business associates are frequently hard to locate, and, in some cases, members of his 
family cannot be found. While all these factors add to the difficulty of obtaining 
accurate and fairly complete data, every possible source of information is explored, 
with the result that publication of the notice is delayed. Nearly all of the memo- 
rials in this issue have been prepared under these difficulties. 

It is the practice of the Committee on Publications in the case of some deceased 
members to ask former friends and associates to prepare the obituary. The object 
is to secure a final record that will be more valuable for having been prepared by 
men who knew the deceased and are competent to evaluate his work. Memorials 
prepared in accordance with this policy are signed by those who wrote them or who 
collaborated in their preparation. To all persons who have thus co-operated, the 
Committee acknowledges its gratitude. 

The Committee also appreciates and acknowledges the assistance that has been 
given by relatives, business associates, and friends in the preparation of all other 
memorials. It also acknowledges its debt to such sources as Who's Who in Engineer- 
ing, Who’s Who in America, and similar publications; the Encyclopedia of American 
Biography, and the National Cyclopedia of American Biography; the technical and 
daily press; colleges and universities and their alumni associations; and engineering 
and other societies which have supplied information from their records. 

Relatives, business associates, and Section and Student Branch officers are urged 
to notify the Society promptly of the deaths of members. Newspaper clippings or 
obituaries in any other form should be sent whenever available and the names and 
addresses of those who can supply further information should be furnished. A special 
form for supplying complete details will be forwarded by the Office of the Society 
upon request. 

THE CoMMITTEE ON PUBLICATIONS 
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Memorial Biographies 


CHARLES CARROLL ABBOTT (1870-1943) 


Charles Carroll Abbott, formerly managing engineer, Spe- 
cialty Department, General Electric Company, Pittsfield, Mass., 
died on April 26, 1943. Mr. Abbott had been a member of the 
AS.M.E. since 1905, and was a Mason. 

He was born at Bridgewater, Vt., on July 12, 1870, son of 
George and Martha (Carroll) Abbott. He attended local schools 
and the Vermont State Normal School at Castleton, and later 
took engineering courses through the International Correspon- 
dence Schools, receiving a certificate in June, 1901. 

He was an apprentice machinist with the Jones & Lamson 
Machine Co., Springfield, Vt.. from 1889 to 1892 and after some 
shop experience there was employed by the Abenaque Machine 
Works, Westminster, Vt., for which he was at first outside 
erector of gasoline engines, much used for farm power plants 
in that vicinity, and then foreman of the works for about three 
years. Subsequently he did drafting at the Fairbanks Scale 
Works, St. Johnsbury, Vt., and in 1900 went to the Stanley 
Electric Manufacturing Company in Pittsfield. Here he became 
chief designer of tools and machinery for the manufacture of 
electrical apparatus of various kinds, and secretary of a com- 
mittee of three whose duty it was to decide on the method of 
doing all work for which tools were to be provided. The com- 
pany was taken over by the General Electric Company in 1903. 

In 1906 Mr. Abbott took the position of general manager for 
the Triumph Voting Machine Company in Pittsfield. Later he 
was appointed ‘consulting engineer for that company and did 
other consulting work. 

He returned to the General Electric Company in February, 
1915, and continued with it until his retirement on September 
1, 1940. From 1915 to 1919 he was engineer in charge of special 
machines, tools, and fixtures in the Heating Device Department. 
That year this department, with the exception of a few small 
industrial heating devices. was transferred to Chicago and con- 
solidated with the Hotpoint and Hughes Electrical Companies 
to form the Edison G.E. Appliance Co. Mr. Hughes was kept 
in charge of the remnants of the former Heating Device De- 
partment and built up, from that small beginning, a large and 
successful department manufacturing electrical heating devices 
for industrial purposes. 

In 1917 he began work on what is now known as the “Calrod” 
heating unit and patents were granted a few years later. In 
the face of early discouragement from his associates he per- 
severed and the result was an outstanding contribution to the 
electrical heating art. 

The Edison G.E Appliance Co. changed over to the use of Mr. 
Abbott’s Calrod design almost exclusively a few years later, 
building these units for electric ranges, flatirons, percolators, 
waflle irons, ovens and broilers, and water heaters. They an- 
nounced the High Speed Range unit in 1929, invented by Mr. 
Abbott. He was the holder of fifty-seven patents (five held 
jointly), thirty of which applied to the Calrod heating unit. 
In 1933 he received the Charles A. Coffin Foundation Award 
from the General Electric Company. 

Mr. Abbott was survived by his widow, Fannie M. (Gorton) 
Abbott, of Pittsfield, whom he married in 1895, and by a son, 


Kenneth G. Abbott, of Glens Falls, N.Y. 


KEIICHI ABE (1872-1939) 


Keiichi Abé, who became a member of the A.S.M.E. in 1920, 
was reported by Mitsubishi Shoji Kaisha, Ltd., New York, N-Y., 
on March 23, 1939, to have “recently passed away.” Efforts to 
ascertain the exact date of his death have been unsuccessful. 

Mr. Abé’s application for membership states that he was born 
in Tokyo, Japan, in February, 1872. He took a mechanical 
engineering course at a technical college in Tokyo and worked 
for a time as draftsman for the Ishikawajima Shipbuilding & 
Engineering Co. there before coming to the United States in 
1897. He secured a mechanical engineering degree at Stevens 
Institute of Technology two years later, and was employed as a 
draftsman by the Baldwin Locomotive Works, Philadelphia, Pa., 
W. D. Forbes & Co., Hoboken, N.J., the General Electric Com- 
pany, Schenectady, N.Y., and the Bucyrus Company, South Mil- 
waukee, Wis., prior to his return to Tokyo in 1903. 

From then until he became a member of the A.S.M.E., Mr. Abé 


was connected with Mitsubishi Zosen Kaisha, Ltd. (shipbuilding 
and engineering company). For the first ten years he was located 
at the Nagasaki Works, rising to the position of assistant engine 
works manager. He was made chief engineer of the Hikushima 
Works in 1914, and in the spring of 1919 was transferred to the 
head office of the company with the title of mechanical engineer. 
No change of address appears for him in the Society Year Book 
until 1927, when his business connection was not indicated. The 
1934 Membership List gives his address as the Mitsubishi 
Jukogyo Kabushiki Kaisha, Ltd., Tokyo, and there was no subse- 
quent change. The Mitsubishi Shoji Kaisha, affiliate of this 
organization, reported, however, that he retired from it more 
than thirteen years before his death—[ Biography compiled from 
best obtainable information, not all of which could be verified.] 


ALPHONSE ANDREW ADLER (1881-1939) 


Alphonse Andrew Adler, consulting engineer, Arlington, N.J., 
was born in Mewe, Germany, on November 27, 1881, son of Julius 
and Agnes (Byrgier) Adler. He was brought to the United 
States when very young, and was educated in the parochial and 
public schools of New York, N.Y.; at Cooper Union, where he 
received a B.S. degree in 1905; the Polytechnic Institute of 
Brooklyn, from which he obtained his M.E. degree in 1909; and 
Columbia and New York universities, receiving an Se.D. from 
the latter in 1915. 

He served an apprenticeship in 1893-1894 as machinist and 
electrician and for several years was employed by various con- 
tractors as electrician, working chiefly on making and installing 
dynamos. Subsequently he was electrician and assistant operat- 
ing engineer at the New York Post-Graduate Hospital and part- 
ner with his brother, F. J. Adler, in electrical and mechanical 
contracting in New York. He then worked successively on elec- 
tric and hydraulic elevator design for the Howard Iron Works, 
of Buffalo, N.Y.; drafting for the Nonpareil Cork Company, New 
York; and power-plant design for Westinghouse, Church, Kerr & 
Co. and W. 8. Barstow & Co. Next he had part in nearly every 
type of design for tunnel ventilation for the Pennsylvania Tunnel 
& Terminal R.R. Co. 

In 1910 he became instructor in mechanical drawing and de- 
signing at the Polytechnic Institute of Brooklyn, subsequently 
advancing to assistant professor of mechanical engineering. He 
held that post until 1920, also practicing consulting engineering. 
Since then he had devoted the most of his time to his practice, 
but had taught evening classes at both the Polytechnic Institute 
and New York University. As a consulting engineer he engaged 
in plant design and technological research in many types of 
industries. 

From 1916 to 1920 Dr. Adler also was expert Civil Service 
examiner for the New York Municipal Civil Service Commission. 

He designed and invented a heating system for orifice thermo- 
static control, cement crystallization control, polishing and abra- 
sives, and glues and adhesives. He was the author of a textbook 
on “The Theory of Engineering Drawing” which included his 
work on “The Principles of Parallel Projecting-Line Drawing,” 
also published as a separate book. He was editor of the “Code 
of Minimum Requirements for Heating and Ventilation of Build- 
ings” (American Society of Heating and Ventilating Engineers), 
co-author of “Frictional Distribution in Two-Pipe Gravity Steam 
Heating Systems,” published in the Transactions of that society 
in 1921, and had contributed other articles to the technical press. 

Dr. Adler became a junior member of the A.S.M.E. in 1907 
and a member five years later. He served the Society as a 
member of the Executive Committee of the Metropolitan Section 
from 1928 to 1931, acting as secretary-treasurer in 1929 and 
chairman in 1930. From 1918 until his death he was a represen- 
tative of the A.S.M.E. on the American Standards Association 
Sectional Committee on Shafting and for many years was a 
member of Subcommittee No. 3 on Code for Design of Trans- 
mission Shafting and of Subcommittee No. 4 on Taper Keys. He 
had also been on the Sectional Committee on the Standardization 
of a Scheme for Identification of Piping Systems as a represen- 
tative of the National Association of Power Engineers continu- 
ously since 1936. He had served on the National Education 
Committee of the National Association of Power Engineers and 
in recognition of his many outstanding accomplishments he had 
been awarded life membership in the association. 
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He was also a member of the American Society of Heating 
and Ventilating Engineers and president in 1925 of its New York 
chapter, after having served as vice-president the previous year. 
He was a member of that society’s Committee on Admission and 
Advancement in 1938 and in the same year also served on its 
Research Technical Advisory Committee on Radiation and Com- 
fort Winter and Summer and Effect of Varying Humidity on 
Radiant Heating and Cooling. 

Dr. Adler married Miss Kathryn Kraft in 1916 and was sur- 
vived by her, three brothers, and a sister. His death occurred 
very suddenly, on January 13, 1939, when he suffered a heart 
attack while traveling from Newark, N.J., to lecture at New 
York University. 


HENRY CLAY ANDERSON (1872-1939) 


Henry Clay Anderson, dean of the College of Engineering and 
director of student-alumni relations of the University of Michi- 
gan, died at his home in Ann Arbor, Mich., on October 14, 1939, 
following several years of failing health. He was born on Decem- 
ber 4, 1872, at Morganfield, Ky., son of John Gerry and Sophia F. 
(Cromwell) Anderson, and educated at the Morganfield Academy 
and College of Agriculture and Mechanic Arts, Kentucky Uni- 
versity, from which he received his B.M.E. degree in 1897. 

He served an apprenticeship with the Cincinnati, New Orleans 
& Texas Pacific Ry. Co. from June, 1897, to October, 1899. He 
had been a member of the faculty of the University of Michigan 
since that time, serving successively as instructor in mechanical 
engineering, assistant professor of mechanical engineering, junior 
professor of steam power engineering, and head of the Depart- 
ment of Mechanical Engineering, beginning in 1917; and in 1937, 
on the retirement of Dean Herbert C. Sadler, he became dean of 
the College of Engineering. 

Dean Anderson had been a member of many of the most impor- 
tant administrative bodies on the campus, including the Board 
of Directors of the Michigan Union, the Executive Committee of 
the Graduate School, and the Standing Committee of the College 
of Engineering. 

His contributions to the university as teacher and adminis- 
trator were outstanding. But no less significant is the record of 
his work as a great engineer and nationally known authority on 
problems of engineering economics. It is a record too long to be 
given here save in the barest outline. 

In 1900 he collaborated with Mortimer FE. Cooley in the state- 
authorized task of evaluating the railroads and other specific 
tax-paying properties of Michigan. This was especially important 
in that it was the first extensive undertaking of its kind in the 
United States, and the theories and principles growing out of it 
formed the precedent for all subsequent evaluation work. 

Other professional associations helped to extend his reputation. 
From 1906 to 1914, as a member of the firms of Brush, Allen, 
and Anderson, and of Ammerman. McColl, and Anderson, he was 
responsible for the design of the central heating, ventilating, and 
lighting plants of many state and industrial projects. From 1908 
to 1918 he was associated with Mortimer E. Cooley and Henry E. 
Riggs in the valuation of various public utilities for the Michigan 
Railway Commission and its successor, the Michigan Public 
Utilities Commission. From 1920 on he was engaged as consult- 
ing engineer by a number of large corporations, notably the 
Public Service Company of New Jersey, Consumers Power Com- 
pany, Commonwealth & Southern Corp., and the Packard Motor 
Car Company. He also served in various other capacities: as 
engineering counsel in litigation, as expert witness, and as mem- 
ber of boards of arbitration. 

Throughout his career his professional practice was of the 
highest order and his reputation firmly established as a thor- 
oughly qualified and experienced engineer. Those who worked 
with him knew how well he knew and loved his profession—a 
profession that to him could not tolerate carelessness, disloyalty, 
or dishonesty. 

Dean Anderson’s publications were limited to a few papers 
presented before the Michigan Engineering Society and the 
American Society of Civil Engineers; but he was responsible for 
a number of valuable reports on research projects in the field of 
engineering, and many fine studies in the general field of 
valuation, 

His achievements received wide recognition. In addition to 
membership in various campus and fraternity organizations, he 
belonged to many professional societies, including the A.S8.M.E., 
which he joined as a member in 1912, the Michigan Engineering 
Society, the American Electric Railway Association, and the 
Society for the Promotion of Engineering Education. 
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Dean Anderson’s wife, Sara Graham (Simrall) Anderson, 
whom he married in 1903, died in 1920. He was survived by a 
daughter, Ellen Harrison (Mrs. Harley A.) Haynes, of Akron, 
Ohio, and a son, John Gerry Anderson, of Saginaw, Mich.— 
{Adapted from obituary by Cart E. BuRKLAND, member of 
faculty, University of Michigan, published in the Michigan 
Engineer, Convention Number, 1940.] 


ROBERT MARSHALL ANDERSON (1862-1940) 


Robert Marshall Anderson, emeritus professor of mechanical 
engineering, Stevens Institute of Technology, died at his home 
in Circleville, Ohio, on June 3, 1940. 

The son of William Marshall and Ellen C. Anderson, he was 
born near Circleville on February 13, 1862. He was educated 
at the publie schools of Circleville and took the degree of B.S. 
at the University of Notre Dame in 1883. In 1887 he received 
his M.E. from Stevens. 

After graduation he was employed by the Springer Torsion 
Balance Company, Jersey City, N.J., until 1889, when he took 
up work under Prof. James E. Denton in the Department 
of Tests at Stevens. Between 1891 and 1899 he taught experi- 
mental mechanics, experimental physics, and applied mathema- 
tics at the Institute, becoming an assistant professor. He left 
to join the firm of Anderson & Murphy, consulting and contract- 
ing engineers, New York, N.Y., and he served that organization 
as treasurer until 1901. He then became vice-president and 
secretary of the Bacon Air Lift Company, hydraulic engineers 
and contractors, New York. 

About 1905 he went with the Hudson Engineering & Con- 
tracting Co., general contractors and engineers, New York, as 
secretary and treasurer, and was with that company until 1910. 
After several years in Boyee, La., he returned to Stevens ani 
for the next seventeen years was, first, acting professor o! 
engineering practice, then professor of mechanical engineering 
and engineering practice. He had resided in Circleville since 
his retirement in 1930. 

Professor Anderson became a member of the A.S.M.E. in 1898 
and was chairman of the Power Test Codes Committee No. 13 
on Refrigerating Systems from 1920 to 1935. He also served 
for many years as representative of the Society of Automotive 
Engineers on the A.S.A. Sectional Committee on Letter Symbols 
and Abbreviations for Science and Engineering. 

Professor Anderson's nearest surviving relative was niece, 
Effie Olds, of Columbus, Ohio. 


H. GORDON BARNES (1909-1940) 


H. Gordon Barnes was born in Philadelphia, Pa., on April 13. 
1909, son of Harry S. and Clara (Bill) Barnes. He attended 
high school in Germantown, Philadelphia, and was graduated 
from The Pennsylvania State College in 1934, with a B.S. degree 
Following his graduation he was employed by the Bearings Com 
pany of America, Lancaster, Pa., as tool engineer, and continued 
in that position until his death at the Lancaster General Hospita! 
on May 17, 1940, from streptococcus infection of the blood stream. 

Mr. Barnes was a student member of the A.S.M.E. at The 
Pennsylvania State College and transferred to the junior grade 
after he was graduated. He also belonged to the American 
Society of Tool Engineers and the Foreman’s Club, Lancaste: 
He served in the Reserve Officers Training Corps for two years 
while in college. 

Mr. Barnes turned to his private workshop and his garden foi 
relaxation from his regular employment. 

He was survived by his widow, Minnie E. (Funk) Barnes, o! 
Neffsville, Pa., whom he married in 1936. 


FRANCIS LORING BARSTOW (1876-1940) 


Francis Loring Barstow, for many years identified with the 
papermaking industry, died at his home in Springfield, Mass., 
on March 28, 1940, after a long illness. 

He was born at Hampden, Maine, on January 23, 1876, the 
son of Thomas and Almyra (Whitcomb) Barstow. He attended 
the local scools and later studied mechanical engineering through 
the International Correspondence Schools. He served a three- 
year apprenticeship in steam engineering with the Merrick 
Thread Company, Holyoke, Mass., as assistant engineer from 
1892 to 1895. Drafting room and shop experience were secured 
with the Farr Alpaca Company at Holyoke during the next 
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year, while he was in charge of the steam plant of that company. 
In 1896-1897 he was chief engineer for the Vicksburg ( Miss.) 
Water Supply Company, for which he installed a new boiler and 
piping. Then he returned to the Farr Alpaca Company as chief 
steam engineer and continued there until 1902. During the 
last year he was assistant to Meredith Leitch, consulting en- 
gineer, in building a new mill and equipping it with machinery 
and power. 

Mr. Barstow was engaged as mechanical engineer by the 
Mittineague (Mass.) Paper Company in 1901 and served the 
company for about ten years. During the latter part of the 
time he was also chief engineer for the Woronoco (Mass.) 
Paper Company. These companies were consolidated in 1911 
under the name of the Strathmore Paper Company. From 1911 
to 1912 Mr. Barstow was associated with Mr. Leitch in the con- 
sulting firm of Leitch & Barstow, Springfield. Subsequently he 
chief engineer for the Kimberly-Clark Paper Company, 
Neenah, Wis., and superintendent of construction of paper mills 
for the Worden-Allen Company, Chicago, Il. 

In 1918 Mr. Barstow entered the employ of the Falulah Paper 
Company, Fitchburg, Mass., for which he was mechanical en- 
gineer and general superintendent until 1926. He then became 
manager of paper mill sales for the U.S. Rubber Products Co. 
of New York, N.Y., and continued in this work until illness 
forced him to retire in 1938. 

Mr. Barstow became a junior member of the A.S.M.E. in 
1905 and was promoted to the grade of member in 1911. He 
was also a member of the Technical Association of the Pulp and 
Paper Industry, and of the American Pulp and Paper Mill 
Superintendents Association. He contributed several 
articles to publications in the paper industry. 

Mrs. Ida M. (Craig) Barstow, whom he married in 1910, sur- 
vived him. 


was 


KARL P. BAUM, JR. (1917-1945) 


Lt. Karl P. Baum, Jr., only child of Karl P. and Agnes TIdele 
(McCampbell) Baum, of Knoxville, Tenn., was killed in action 
while serving as oflicer in charge of gun turret no. 1 and deck 
oflicer on the Battleship Colorado in Lingayen Gulf during the 
invasion of the Philippines, January 9, 1945, and buried at sea 
the following day. Lieutenant Baum entered the Naval Reserve 
in 1942 with the rank of ensign and was advanced to full lieu- 
tenant in March, 1944. He had received three promotions since 
being attached to the ship on which he met his death. He had 
been in command of gun turret no. 4, was transferred to gun 
turret no. 1, and shortly before his death, was promoted to the 
position of deck officer. 

Lieutenant Baum was born in Knoxville on May 19, 1917, and 
was educated in that city. An honor student through high school 
and college, he nevertheless found time to engage in numerous 
extra-curricular activities. He played in the school band at the 
Boyd Junior High School and became the captain of the band. 
He was captain of the Knoxville High School Band and the 
R.O.T.C. Band at the University of Tennessee—the only boy to 
have the honor of being captain of all three bands. In his sopho- 
more year at college he was winner of the band medal as the 
best drilled cadet in the basic military course. In 1938 he became 
captain of Company C of the R.O.T.C. and was a member of the 
Pershing Rifles. He also spent one term at Fort Benning, 
Georgia, studying military science. 

He was elected vice-chairman of the A.S.M.E. Student Branch 
at the University of Tennessee in 1938 and became chairman in 
his senior year. At the Southern Student Meeting of Branches 
of the Society in 1939, held at the University of Tennessee, he 
won the first prize for papers presented, his subject being “Heat- 
ing and Air Currents in Greenhouses,” and was toastmaster at 
the banquet. He was transferred to junior membership in the 
A.S.M.E. upon graduation. 

Lieutenant Baum was a member of the Sigma Phi Epsilon 
fraternity and won its Clifford B. Scott Scholarship Medal in 
both 1937 and 1938 for having the highest scholastic average in 
the Tennessee Alpha Chapter of the fraternity. He was also a 
member of Tau Beta Pi, national honorary engineering fra- 
ternity. He was a member of Circle and Torch, Engineering 
College representative to the All-Students Club in 1938 and 1939, 
financial chairman of the Engineers Ball as well as banquet 
chairman and ACE Day chairman in 1939, and also in that year, 
Carnicus Board member and committee chairman. 

Following his graduation with a B.S. degree in mechanical 
engineering in June, 1939, Lieutenant Baum was connected with 
the Tennessee Coal, Iron & Railroad Co., of Birmingham, Ala., 


RI-49 


with office in Nashville, Tenn. It was from this position that he 
was called into duty with the Naval Reserve in 1942. He was 
graduated from Fort Schuyler and served successively at the 
Naval Gun Factory in Washington, D.C.; Naval Testing Grounds 
at Norfolk, Va.; Nation Fireworks Company at Cordova, near 
Memphis, Tenn., as naval resident inspector; and Knoxville plant 
of the Fulton Sylphon Co., Ine., as naval inspector and co- 
ordinator, being called to sea duty from there. He served as 
officer in charge on the U.S.S. Sheldon Clark in the Armed Guard 
Service and was transferred to the battleship Colorado on 
August 2, 1944. 

Lieutenant Baum was a member of the Fourth Presbyterian 
Church, Knoxville, and of the masonie fraternity, Elks, and 
Sons of the American Revolution. As a hobby he collected clocks 
and watches, many of them rare and valuable, and had a work- 
shop in his home for repair work on them. 


RAYMOND J. BEAUSOLEIL (1886-1940) 


Raymond J. Beausoleil was born in Montreal, Que., Can., on 
June 1, 1886, son of Cleophas and Henriette Audette (Lapointe) 
Beausoleil. He attended Mount St. Louis Institute, Montreal, 
and the Ecole Polytechnique, and received the degrees of B.Sc. 
and C.E. in 1911. He also held a mining engineering degree. 

From 1911 to 1913 he worked for the National Transconti- 
nental Railway, Ottawa, Ont., Can., first as structural drafts- 
man, and later as structural engineer, designing all the steel and 
reinforced-concrete work pertaining to the Quebee City Shop. 
During the next three years he was Montreal engineer for the 
Quebec Streams Commission, his work consisting of surveys, 
river gagings, gathering and analyzing data for water power 
developments. He was connected with the La Loutre dam on 
the St. Maurice River, Quebec, and was designer of a concrete 
arch dam on the St. Francis River at Disraeli, Que. 

In 1916 and 1917 he was in the Engineering Department of 
the Shawinigan Water & Power Co., working on the design and 
construction of the Acetone Plant of the Canadian Electro Prod- 
ucts Company at Shawinigan Falls, Que. He became engineer 
for the St. Lawrence Sugar Refineries, Ltd., of Montreal, the 
next year, later being appointed efficiency engineer. In 1920 he 
resigned this position to become designing engineer for The 
Canadian Starch Co., Ltd., and in that same year he was ap- 
pointed chief engineer and vice-president of the National Supply 
Co., Ltd., Montreal, and he continued in that capacity for 
some years. 

Later he conducted his own business in connection with a 
fuel-oil-burning system and was consulting engineer for the 
Dragon Heating Company, Montreal. 

Mr. Beausoleil became an associate-member of the A.S.M.E. 
in 1920, but resigned in 1928. He was reinstated and trans- 
ferred to the membtr grade in 1932, and continued as a mem- 
ber until 1938, when he allowed his membership to lapse. In 
the latter part of 1939 he again applied for reinstatement and 
it had been effected by the time the Society was notified of his 
death on January 12, 1940. He had also been a member of The 
Engineering Institute of Canada and the Association des In- 
genieurs Professionnels de Quebec, and of the Reform and Ki- 
wanis clubs in Montreal. 

Mr. Beausoleil married Blanche B. Jarret, of Boston, Mass., 
in 1908, and was survived by her and three children, Mrs. Alain 
Paradis, Mrs. Jean Morin, and Raymonde Beausoleil, all of 
Montreal. 


ERNST RICHARD BEHREND (1869-1940) 


Ernst Richard Behrend, president and chairman of the board 
of the Hammermill Paper Company, Erie, Pa., died of a heart 
ailment at his home in that city on September 22, 1940. Son 
of a German paper manufacturer, he had devoted his life to 
this industry. In recognition of his achievements Thiel College, 
Greenville, Pa., conferred an honorary degree of Doctor of 
Science upon him in 1936. 

Mr. Behrend was born at Coeslin, Germany, on March 29, 
1869, son of Moritz and Rebecca (Wolf) Behrend. He attended 
technical colleges in Dresden and Charlottenburg, spent a few 
years in the shops of a builder of papermaking machinery in 
Warmbrunn, Germany, and after a period of service in the 
German army, studied papermaking in Germany and Austria and 
became assistant manager of his father’s business. 

He came to the United States in 1896 and was employed by 
the Pusey & Jones Co., Wilmington, Del., as draftsman. After 
a few months the company sent him out to inspect paper mills 


Ag 
q 
a 
| RE 
§ 
ck 
ag 
: 


RI-50 


and their methods of operation and he gave some time to the 
Nekoosa Paper Company, Nekoosa, Wis., in connection with 
the establishment of a sulphite mill. Subsequently he returned 
to Europe, selling papermaking machinery for the Pusey & 
Jones Co. 

In 1898, Mr. Behrend, with his father and brother, Otto F. 
Behrend, founded the Ernst R. Behrend Co., which became 
the Hammermill Paper Company. Serving at first as vice- 
president and general manager, he succeeded his father as presi- 
dent after a few years. The firm pioneered in the manufacture 
of fine writing papers from cellulose fiber from spruce wood, 
introduced high-speed watermarking, and was the first in the 
United States to make all-sulphite bond paper. 

Mr. Behrend became a citizen of the United States in 1901. 
A member of Erie’s executive committee directing war efforts 
during World War I, his activities won him a distinguished 
service certificate from the Pennsylvania American Legion. He 
took part in other ways in the life of his community—as a 
director of the First National Bank, Erie Council of Boy Scouts 
of America, and Erie Community Chest, and president of the 
Hamot Hospital of Erie. He was appointed a lieutenant com- 
mander in the U.S. Naval Reserve in 1928. 

He had been a member of the A.S.M.E. since 1900. He was 
one of the founders of the National Industrial Conference Board, 
of which he was a vice-chairman, and a member of the board 
of trustees of Deerfield Academy, Deerfield, Mass., and the Insti- 
tute of Paper Chemistry at Lawrence College, Appleton, Wis. 
He was a Mason and Knight Templar, and belonged to many 
social and recreational clubs. 

Mr. Behrend was survived by his widow, Mrs. Mary (Brown- 
ell) Behrend, whom he married in 1907, and by a daughter, 
Harriet Ellen; also by his brother Otto, treasurer of the Ham- 
mermill Paper Company, and a sister, Mrs. William T. Brust, 
all of Erie. 


EDGAR THOMAS BOMER (1913-1940) 


Edgar Thomas Bomer was born in Brooklyn, N.Y., on Decem- 
ber 19, 1913, son of Walter L. and Carrie May (Thomas) Bomer. 
He attended the Brooklyn Technical High School and Rensselaer 
Polytechnic Institute, from which he was graduated with an 
M.E. degree in 1936. 

Following graduation, he went with the Transducer Corpora- 
tion, New York, N.Y., as mechanical designer, directing the 
development of new products, particularly in the acoustieal and 
aeronautical fields. He left this position in January, 1940, 
to become detail draftsman with the Lockheed Aircraft Corpora- 
tion, Burbank, Calif., and was employed there at the time of 
his death, which occurred on December 2, 1940, as the result 
of an automobile accident. " 

Mr. Bomer became a junior member of the A.S.M.E. in 1939, 
and was also a member of the Society of Automotive Engineers 
and the Institute of Aeronautical Sciences. 


CHARLES PHILIP BOSSERT (1865-1937) 


Charles Philip Bossert. of Milwaukee, Wis., died in that city 
on June 27, 1937, after a long illness. Born in Milwaukee on 
August 11, 1865, Mr. Bossert lived there all his life, with the 
exception of his college years and a few years when business 
took him elsewhere. He was educated in the home schools and 
attended the University of Wisconsin, from which he was gradu- 
ated in June, 1888, with a B.M.E. degree. 

Mr. Bossert secured his shop experience with E. P. Allis & Co. 
and Weisel & Vilter, of Milwaukee, and from 1888 to 1889 was 
draftsman for the Filer & Stowell Co., Milwaukee. Then until 
1892 he was engaged as draftsman in Jackson, Mich., for Fraser 
& Chalmers, Chicago, Ill., and at the Watervliet Arsenal, West 
Troy, N.Y. He next went to the Hornell Iron Works, Hornells- 
ville, N.Y., as vice-president and superintendent. 

Returning to Milwaukee in 1894, he became assistant to the 
mechanical engineer of the Pabst Brewing Company, in which 
position he continued until 1897, when he joined the Pfister & 
Vogel Leather Co., Milwaukee. He remained as mechanical engi- 
neer of that company, constructing and remodeling power plants 
and all machinery connected with leather manufacture, until his 
retirement in 1928. 

Mr. Bossert joined the A.S.M.E. as a junior in 1892 and was 
transferred to the member grade in 1901. He was a member of 
the Athletic Club, Milwaukee, and a Mason. He was survived by 
his widow, Mrs. Elise Bossert, a daughter, Mrs. Marguerite 
Derse, and two sons, Edwin and Theodore. 
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LESTER PAIGE BRECKENRIDGE (1858-1940) 


Lester Paige Breckenridge was born at Meriden, Conn., on 
May 17, 1858, son of Moses Paige and Lucretia (Wetherell) 
Breckenridge. He graduated from the high school at Westfield, 
Mass., in 1876, and worked for two years in the shops of the 
H. B. Smith Co. there, beginning at 90 cents a day and ending 
at $3.00 a day on piece work. He entered the mechanical engi- 
neering course in the Sheftield Scientific School at Yale Uni- 
versity in 1878, graduating with honors in 1881. 

From July 1, 1881, to January 1, 1882, he worked with the 
Holyoke (Mass.) Water Power Company under Clemens 
Herschel. From then until July, 1884, he was an instructor in 
mechanical engineering at Lehigh University. Next, he was 
superintendent of the Pump Shops at Westfield for six months 
and during the following year he was with the Laurence Machine 
Shop and then Hill, Clark & Co. as a traveling salesman. In 
January, 1886, he went back to Lehigh, where he became senio1 
instructor and remained until 1891. During this time he was also 
consulting mechanical engineer for the Lehigh Zine & Iron Co., 
of South Bethlehem, Pa. From 1891 to 1893 he was professor of 
mechanical engineering at the Michigan State College of Agri- 
culture and Applied Science at East Lansing. Then he went to 
the University of Illinois as head of the mechanical engineering 
department. In 1909 he returned to Yale and was head of the 
mechanical engineering department there until his retirement 
in 1923. 

He received the honorary degree of Master of Arts from Yale 
in 1909 and Doctor of Engineering from the University of Illinois 
in 1910. 

While at the University of Illinois he established and directed 
the Illinois Engineering Experiment Station. His magnetic per- 
sonality and power of forceful presentation made him the 
university’s most effective representative in dealing with the 
state legislature. In 1904 he was in charge of the Testing Plant 
of the U.S. Geological Survey in St. Louis, directing more than 
nine hundred tests of fuels from all parts of the country, which 
had far-reaching effects on modern fuel technology. He was one 
of the leaders in the introduction of laboratory work into 
mechanical engineering courses, developing laboratories in all 
four of the schools where he taught—Lehigh, Michigan State, 
Illinois, and Yale. 

At Yale he broadened and greatly strengthened the mechanical 
engineering course. It grew rapidly in prestige and in numbers 
and was soon the largest in the school. He designed and organ- 
ized the Mason Laboratory, founded the Yale Engineering Asso- 
ciation, and started the New Haven Machine Tool Exhibit which 
developed into the great tool exhibits of the National Machine 
Tool Builders’ Association since held in Cleveland. 

He was an authority on fuel consumption and smoke preven- 
tion, and a consultant over various periods for the Illinois 
Central Railroad, the Commonwealth Edison Company, New 
York Edison Company, and many others, and throughout life for 
his original employer, the H. B. Smith Co. 

He invented various recording devices, smoke prevention ap- 
pliances, and power equipment. He invented the Pelton type 
water wheel, but found on application for a patent that he had 
been anticipated by Pelton. It was characteristic of Brecken- 
ridge that he wrote Mr. Pelton, congratulating him. He received 
in reply an offer for the right to use the Pelton water wheel 
“east of the Rocky Mountains,” but, familiar with hydrodynamics 
and the topography of the eastern United States, he did not take 
up the offer. 

Professor Breckenridge joined the A.S.M.E. as a member in 
1890 and became a fellow in 1936. He was vice-president from 
1907 to 1909 and served on many committees, including those on 
Power Tests, 1910-1918, Power Test Codes, 1918-1930, and the 
Power Test Codes Individual Committee No. 3 on Fuels, 1918 to 
his death; also on the Professional Divisions Standing Committee 
as vice-chairman, 1921-1922, and Fuels Division Executive Com- 
mittee as chairman, 1920-1922. He represented the A.S.M.E. on 
joint activities including the Library Board, 1919-1920, the Joint 
Conference Committee of the Founder Societies, 1919-1920, and 
the Classification of Technical Literature, 1919-1922. Through- 
out his years at Yale he was the guiding spirit in the Yale Stu- 
dent Branch and the New Haven Section of the Society. He was 
also an active member of the American Society of Heating and 
Ventilating Engineers, the Society for the Promotion of Engi- 
neering Education, and the Western Society of Engineers. 

He contributed to the A.S.M.E. publications papers on the 
“Testing of House-Heating Boilers” (with D. B. Prentice), 1916; 
on “The Fuel Problem,” 1917; abstracts on “The Problem ot 
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Coal Conservation,” 1918, on “Fuel Supply of the World,” 1921, 
on “Subterranean Heat as a Source of Energy,” 1925; and an 
article in the A.S.M.E. News on “Fuel-Conservation Rules for 
Burning Bituminous and Semi-Bituminous Coal,” 1923. 

Professor Breckenridge married (1) May Brown, of Memphis, 
Tenn., in 1883. They had three children, Blanche F. (Mrs. Henry 
B. Dirks), Gladys S. (Mrs. Earl D. Finch), and May H. (Mrs. 
David B. Luckenbill). In 1911 he married (2) Susan W. Ford, 
of Bordentown, N.J., who survived him. 

One of the highest tributes to a teacher is to have all his 
students and instructors speak to him respectfully, but refer to 
him among themselves by some nickname which combines affec- 
tion and loyalty. To all who knew him he was “Breck.” He had 
literally thousands of students. To a man, they will always look 
back to him with respect, gratitude, and deep affection. 

Time dealt kindly with Breck and no man ever grew old more 
happily. When he retired in 1923, at sixty-five, everyone wanted 
him to stay, but he said that showed it was “just the time to 
quit.” He built a home on the slope of Mt. Philo in Vermont 
where he and Mrs. Breckenridge spent the summers and wel- 
comed their friends, young and old, who streamed there. Their 
winters were spent in Italy or California. 

He collected all the known ferns of Vermont and added two 
species not known there before. He mounted them beautifully 
and gave the collection to the University of Vermont. Then he 
turned to collecting wild orchids. He had long been an expert 
photographer. 

He grew especially fond of Sorrento, where he went again and 
again, living simply and making friends, especially among the 
children who flocked around him. One day Mrs. Breckenridge 
saw him down the street in the center of a group of Black 
Shirts. She found that instead of being in trouble he had them 
all laughing and was taking their picture. 

Death came to Breck without premonition at Mt. Philo on 
August 22, 1940—no illness, no lessening of his powers, although 
he was eighty-two. It is as he would have had it, and as those 
who knew him would have wished. 

He was a distinguished engineer, an inspiring teacher, an 
organizer and administrator, but it is as a great friend that all 
who knew him will best remember him. To think of him brings 
not only a warm feeling in the heart for him, but a kindlier 
feeling for all mankind.--[Biography prepared by JosepH W. 
Ror, Southport, Conn., Fellow, A.S.M.E.] 


HARRY CLEOPHAS BROWN (1890-1945) 


Harry Cleophas Brown, planning engineer for the Crossett 
(Ark.) Paper Mills, died at St. Michael's Hospital, Toronto, 
Ont., Can., on February 21, 1945, after a short illness. 

Son of James and Janie (Gillespie) Brown, he was born at 
Amherst, N.S., Can., on July 2, 1890. He attended St. Francis 
Xavier University and McGill University, graduating from the 
latter in 1917 with a B.Se. degree in electrical engineering. 
Following graduation he enlisted with the Canadian Engineers 
and served in France with that unit. 

After the war he was employed by the Northern Electric 
Company, Montreal, Que., Can., and the Hydro-Electric Power 
Commission of Ontario, Toronto, on designing. Much of his 
later work as electrical engineer was in connection with the 
design, construction, and operation of paper mills. Among the 
companies which he served were the Wayagamack Pulp & Paper 
Co., Three Rivers, Que., Belgo Canadian Pulp & Paper Co., 
Ltd., Shawinigan Falls, Que., Newfoundland Power & Paper 
Co., Corner Brook, Newfoundland, International Paper Com- 
pany, New York, N.Y., and Union Bag & Paper Corp., Savannah, 
Ga. He became associated with the Crossett Paper Mills in 
1943, and was in charge of postwar planning for plant extension. 

During the preparation for the World’s Fair held in New 
York in 1939 and 1940 Mr. Brown was connected with the engi- 
neering division of World’s Fair, Inc. He had also done some 
work for the U.S. Engineers on a hydroelectric development in 
West Virginia and made engineering studies for the Federal 
Power Commission. 

Mr. Brown became a member of the A.S.M.E. in 1944. He 
also held membership in the American Institute of Electrical 
Engineers, The Engineering Institute of Canada, and pulp and 
Paper associations in Canada and the United States. He became 
a naturalized citizen of the United States in 1938. 

He is survived by his widow, Marion (Watson) Brown. 


WILLIAM CLINTON BROWN (1860-1940) 


William Clinton Brown, of Ogdensburg, N.Y., died of pneu- 
monia at Dunedin, Fla., on January 27, 1940, following an ap- 
pendectomy. He was born at Ogdensburg on December 8, 1860, 
son of William G. and Luey A. (Grant) Brown. He attended 
the public schools there, the Mt. Pleasant Academy, Ossining, 
N.Y., and Cornell University, from which he was graduated in 
1881 with the degree of B.M.E. 

During the summer and fall of 1881 he was draftsman with 
the Straight Line Engine Company, Syracuse, N.Y.. and he 
secured further training under Henry R. Worthington, Brooklyn, 
N.Y., in 1882-1883. The following nine years he was engineer 
in the Water Works Department of the Worthington organi- 
zation and then was put in charge of pressure and mine pumps. 
From 1902 to 1912 he carried on a consulting practice in Mon- 
treal, Que., Can. 

During the next twelve years Mr. Brown acted as general 
manager and chief engineer for the Humphrey Gas Pump 
Company, Syracuse, which had been organized to hold patents 
in the United States of Herbert A. Humphrey and William H. 
Smyth for internal combustion pumps and compressors. Several 
of Mr. Brown’s patents in this field during that period were 
assigned to the Humphrey company. Later patents, taken out 
while he was consulting engineer in Prescott, Ont., Can., in 1925- 
1926, were assigned to the Stumpf Una-Flow Engine Company, 
Inc., a subsidiary of the Humphrey company, for which he was 
chief engineer for a time after his return to the States. Subse- 
quent to his retirement from that company he did some consult- 
ing work. 

Mr. Brown became a member of the A.S.M.E. in 1896. In 
1918 he served as a member of the Power Test Committee, 
Advisory Board, and became a member of two of the committees 
organized in December of that year, No. 5 on Steam Engines and 
No. 8 on Centrifugal Pumps. He was made chairman of the 
former the following year and held that post on the committee 
(called the Reciprocating Steam Engine Committee after 1923) 
until its reorganization in 1931. He was a member of Committee 
No. 8 (known as the Centrifugal and Rotary Pumps Committee 
since 1920), until 1936. 

Mr. Brown belonged to the Clearwater (Fla.) Yacht Club 
and the Dunedin Boat Club. 

His wife, Kate (Wiser) Brown, whom he married in 1892, 
died in 1934. He was survived by a daughter and three sons: 
Mrs. E. J. Madill, Ogdensburg, Grant Brown, Claymont, Del., 
William C. Brown, Jr., Orange, N.J., and Wiser Brown, Fair- 
field, Conn. 


OTTO WILHELM BUENTING (1873-1940) 


Otto Wilhelm Buenting was born at Hanover, Kan., on May 
28, 1873. Part of his education consisted of five years in a 
government school in Germany. Returning to this country, he 
served a four-year apprenticeship (1890-1894) with the Bur- 
lington and Missouri River Railroad, at Wymore, Neb., and 
was employed for several years as a machinist on the same road. 
He then attended Purdue University, from which he was gradu- 
ated in 1901 with the degree of B.S. in mechanical engineering. 
In the summer of 1899 he worked as a machinist on the erect- 
ing floor of the Chicago and Northwestern Railway shops in 
Chicago, Ill., and in 1900 in the Burnside shops of the Illinois 
Central at Chicago. 

Following his graduation he entered the employ of The West- 
inghouse Air Brake Company, Wilmerding, Pa.. as a special 
apprentice. Subsequently he was successively assistant foreman, 
foreman, superintendent, and general superintendent of this 
company. In 1917 he became works manager of both The West- 
inghouse Air Brake Company and its subsidiary, The Union 
Switch & Signal Co., at Swissvale, Pa., and he oceupied this 
position until 1926, when he was made general manager of works. 
In 1930 he was made vice-president in charge of manufacture 
of both companies. He served in this capacity until his death 
on July 27, 1940. 

Mr. Buenting became a member of the A.S.M.E. in 1914. 


CHARLES BERNARD BUERGER (1878-1939) 


Charles Bernard Buerger, vice-president and director of the 
Gulf Oil Corporation, Pittsburgh, Pa., and its subsidiaries, 
Gulf Refining Company and Gulf Research & Development Co., 
died on January 3, 1939, at his home in Pittsburgh, after an 
illness of several months. 
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He was born in Vienna, Austria, on January 31, 1878. In his 
youth his parents brought him to the United States, where he 
was educated, attending schools in New York, N.Y., and gradu- 
ating from the College of the City of New York in 1898, with 
the degree of B.S. In 1900 he received the degree of M.E. from 
Stevens Institute of Technology. He was a member of Phi 
Beta Kappa. 

After graduation he entered the employ of the Atlantic Refin- 
ing Company in Philadelphia, Pa., as assistant engineer of 
construction of general buildings, mill and power houses, engines, 
boilers, pumps, and tanks. In 1905-1906 he served the company 
as chief draftsman. 

During the next five years Mr. Buerger was employed by 
the City of Philadelphia, working first in the Bureau of Water 
on repairs of pumps and boilers, then as mechanical engineer 
for the Bureau of Filtration, designing and installing pumping 
stations for the city water supply. In 1911 he became associated 
with the City of New York’s Water Supply Department, as 
engineer in charge of the design of filters for the Croton water 
supply filtration system. From 1913 to 1915 he was principal 
assistant engineer for George W. Fuller, consulting hydraulic 
and sanitary engineer, and expert adviser for filtration plants 
for New York and other cities. 

Returning to his early field—the petroleum industry—Mr. 
Buerger became consulting engineer for the Atlantic Refining 
Company, with which he had been connected from 1898 to 1906. 
After about five years with that company and a brief period 
as assistant general manager of the New England Oil Refining 
Company, Fall River, Mass., he took the position of assistant 
to the vice-president of the Gulf Oil Corporation. He was 
appointed general manager of the Manufacturing Department 
in 1924 and elected vice-president and director five years later. 

Mr. Buerger held several patents on oil-refining equipment 
and was a recognized authority on the building and equipment 
of refineries. In recent years he had operated his own air- 
plane on trips to inspect Gulf oil properties in various sections 
of the country. 

Mr. Buerger had been a member of the A.S.M.E. since 1915. 
He was a member of the Refining Committee of the American 
Petroleum Institute, and during the life of the National Re- 
covery Administration in the early 30’s he was a member of 
the five-man board cf review of the Planning and Coordination 
Committee of the N.R.A. He was also a member of the Insti- 
tute of Petroleum Technologists of London, and of the Society 
of Naval Architects and Marine Engineers. 

Surviving Mr. Buerger were his widow, Mrs. Ada F. Buerger; 
a son, David; and a sister and brother.—[ Biography compiled 
from best obtainable information, not all of which could be 
verified. ] 


CHARLES ALBERT CAMPBELL (1893-1940) 


Charles Albert Campbell was born in Harrisville, N.Y., on 
June 2, 1893, son of Charles Bruce and Carrie (Luther) Camp- 
bell. He attended high school in Montreal, Que., Can., and 
spent a year at the McGill University preparatory school. 

In 1910 he went to work for the New York Air Brake Com- 
pany at Watertown, N.Y., as mechanical draftsman. Four years 
later he was promoted to mechanical engineer in charge of 
forging and machining munitions. In 1918 he was made chief 
draftsman and in 1922 became engineer in charge of the ex- 
perimental and test departments, which position he continued 
to hold at the time of his death on September 4, 1940. He 
was an outstanding inventor and research engineer in the 
field of air brakes, pneumatics, and allied arts. He was the 
recipient of more than one hundred and fifty patents, and his 
unusual abilities found national recognition in the Modern 
Pioneer Award presented by the National Association of Manu- 
facturers early in 1940. 

Mr. Campbell joined the A.S.M.E. as a member in 1928. He 
allowed his membership to lapse in 1931, but was reinstated in 
1936. He was a Mason and served in the National Guard during 
World War I. 

He was survived by his widow, Carrie E. (Bovee) Campbell, 
and by two children, Charles E. Campbell, of Rochester, N.Y., 
and Betty (Campbell) Greene, of Watertown. 


PAUL MELLEN CHAMBERLAIN (1865-1940) 


Paul Mellen Chamberlain, retired consulting engineer, died 
at his home at Keene, N.Y., on May 27, 1940. 
He was born at Three Oaks, Mich., on February 28, 1865, son 
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of Henry and Rebecca (Van Devanter) Chamberlain. He pre- 
pared for college at Cushing Academy, Ashburnham, Mass., 
attended Olivet (Michigan) College for a year, and then en- 
tered the Michigan Agricultural College, from which he was 
graduated with the degree of B.S. in 1888. During his college 
years he had three months’ experience in the drafting room of 
the Columbus Machine Company and taught drawing, shop 
practice, and other subjects for one winter at the Dakota Agri- 
cultural College. 

Following his graduation he was employed in the drafting 
rooms of The Brown Hoisting & Conveying Machine Co., of 
Cleveland, Ohio, for a year, and then entered Sibley College, 
Cornell University, where he secured an M.E. degree in 1890. 

His first position after leaving Cornell was with the Frick 
Company, of Waynesboro, Pa., as assistant engineer. His work 
there was on ice-making and refrigerating machinery and Corliss 
engines. In 1892-1893 he worked for the Hercules Iron Company, 
Aurora, Ill., leaving there to teach mechanical engineering at 
the Michigan Agricultural College. He was assistant professor 
until 1896, when he took up the duties of assistant professor of 
drawing and design at Lewis Institute, Chicago. In 1899 he 
was made associate professor and from 1901 to 1906 he taught 
at that Institute as professor of mechanical engineering. 

He was engaged in consulting practice in Los Angeles, Calif., 
for one year, then returned to Chicago as chief engineer of The 
Under-Feed Stoker Company of America and was with them 
for three years. At the end of this period he engaged in 
private practice in Chicago until World War I, part of the 
time as a member of the firm of Chamberlain & Howell. 

He was commissioned a major in the Ordnance Reserve Corps 
in October, 1917, and soon afterward called into active service 
as inspector of ordnance in Toledo, Ohio. He continued there 
until early 1919, when he was assigned to the Cleveland Dis- 
trict Claims Board. In October, 1919, he was appointed chair- 
man of the Chicago District Salvage Board, and from April 
until his discharge in December, 1920, he was commanding 
officer of the Chicago and St. Louis Ordnance Districts. 

After his discharge he returned to private practice in Chicago. 
He spent some time in London in the middle 20’s and after his 
return practiced in Newark, N.J., until he retired. 

After his retirement he devoted his time exclusively to 
horological matters. He became internationally known as a 
horologist, his articles on that subject appearing in technical and 
trade journals throughout the world. His collection of watches 
and clocks was one of. the world’s finest. An earlier collection 
had been given to the Chamberlain Memorial Museum at Three 
Oaks, Mich. 

Major Chamberlain became a junior member of the A.S.M.F. 
in 1890 and was elected to the member grade in 1899. He 
belonged to the Tau Beta Pi and Delta Tau Delta fraternities, 
American Association for the Advancement of Science, Société 
Chronométrique de Suisse, and Society of Colonial Wars. He 
had invented various machines and was the author of mono- 
graphs on engineering and horological subjects. 

His first wife, Olivia Langdon (Woodward) Chamberlain, 
whom he married in 1891, died in 1920, leaving four children, 
who survived Major Chamberlain. They are Rebecca Van 
Devanter (Mrs. Elmer J. Baker, Jr), Wheelock Paul, Olivia 
Langdon (Mrs. Clinton G. Johnson), and Julia Ada (Mrs. 
Frank A. Farnham III). His second wife, Margaret Phelps 
(Graham) Chamberlain, whom he married in 1935, also sur- 
vived him. 


KENNETH BRYANT CHAPMAN 


Kenneth Bryant Chapman, a member of the A.S.M.E. since 
1933, died at his home in Westerly, R.I., on February 9, 1943. 
Mr. Chapman was born in Boston, Mass.. on November 23, 1895. 
son of Ephraim Wilder Chapman and the late Lettie (Adams) 
Chapman. He is survived by his widow, Ruth (Hyslop) Chap- 
man, and a son, Bradford. He is also survived by his father and 
two brothers, Elwin A. Chapman, of Somerville, Mass., and 
Wilder A. Chapman, of Chicago, III. 

Mr. Chapman prepared for college at the Mechanic Arts 
High School in Boston and at the age of sixteen entered the 
Massachusetts Institute of Technology, where he spent three 
years. 

He was engaged by the Western Electric Company, Haw- 
thorne, Ill., in 1916 for time study, rate setting, and general 
efficiency work on telephone equipment, and later returned to the 
company for special developmental work. 
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Among other companies which employed him for design work 
were the Wireless Specialty Apparatus Company, Boston, Gen- 
eral Motors Company (Oakland and Buick divisions and Experi- 
mental Laboratory), Yuba Manufacturing Company, Marys- 
ville, Calif. (gold dredges), Shell Oil Company, Martinez, Calif. 
(oil-refinery equipment), Union Oil Company, Los Angeles, 
Calif. (fire-protective equipment for storage reservoirs), and 
Union Carbide & Carbon Corp., New York, N.Y. (equipment 
for separation of gases under high pressure). While with the 
Yuba Company, his work on gold dredges for use in the Ural 
Mountains gave such satisfaction to the Russian government 
inspectors that he was invited to return with them to Russia 
to continue this work in the U.S.S.R., but declined the offer. 
His achievements as a designer were also particularly note- 
worthy in his work for the oil companies and in the high- 
pressure gas-separation field. 

Mr. Chapman was also associated with Cesare Barbieri, then 
in Chicago, on special machinery design and was chief draftsman 
for Walter H. Wade, Boston, Mass., from August, 1917, to 
January, 1920. Following this experience, Mr. Chapman spent 
some time at the Watertown Arsenal in Watertown, Mass., on 
the design of Caterpillar tread tractor-trailers, and with the 
Central Waxed Paper Company, Chicago, as mechanical super- 
intendent of the plant. He was later field engineer for the 
Nichols Copper Company, New York, his work including the 
erection of a new chemical plant at Laurel Hill, L.[., and an 
electrolytic copper refinery at El Paso, Texas, as well as the 
design of another refinery built for the Canadian Coppers Re- 
finers, Ltd., at Montreal, Quebec. After that he was associated 
with the H. & B. American Machine Co., Pawtucket, R.I., manu- 
facturers of cotton-mill machinery, making a survey of equip- 
ment, manufacturing processes, and organization structure. 

In 1934, Mr. Chapman was connected with the engineering 
department of the New Bedford (Mass.) Rayon Company, 
where he made a detailed power survey of the plant. He also 
worked on the development of converting equipment from skein 
processing to cake wash and was directly responsible for a 
number of major improvements in connection with that 
conversion. 

He left that position in 1939 to accept one with the Atwood 
Machine Company, of Stonington, Conn., as chief of the engi- 
neering department, and later was with Burns & Roe, Inc., 
engineering consultants, New York, where he was engaged in 
design and consulting work on steam-electric power plants. 
These projects were part of the national war effort and the 
work was performed under the War Production Board priori- 
ties. He was forced to resign on September 30, 1942, owing to 
ill health. 

His varied experience not only developed his ability as an 
engineer and designer but gave him an understanding of human 
relationships which brought him many friends among his 
associates. 


CARL LUDWIG CHARLES (1891-1940) 


Carl Ludwig Charles, chief engineer of the Barco Manufac- 
turing Company, Chicago, Ill., died at his home in Winnetka, 
Ill., on September 12, 1940, following a cerebral hemorrhage a 
few days earlier. 

He was born at Du Bois, Pa., on March 17, 1891, son of 
Mr. and Mrs. John B. Charles, and was educated in the local 
schools and at The Pennsylvania State College, which he attended 
for three and a half years. 

Mr. Charles was employed by the New York Central Railroad 
Company, New York, N.Y., as draftsman in 1918 and continued 
as designer in the Equipment Engineering Department. In 
1920 he became chief draftsman for The T. H. Symington Co., 
of Rochester, N.Y., in charge of design of malleable iron rail- 
way car specialties. After three years there he went with the 
Boyden Steel Corporation, Baltimore, Md., as mechanical engi- 
heer in charge of detail design, purchasing, assembling, and 
testing of 6-wheel freight car trucks. His next connection, in 
1925, was with the Balto. Copper Smelting & Rolling Co., Balti- 
more. He assumed the duties of special investigational and 
production engineer and later became assistant to the mechani- 
cal superintendent, designing, testing, and developing special 
machinery and equipment for various types of mills and furnaces. 

In September, 1928, Mr. Charles went to Chicago to become 
associated with the Barco Manufacturing Company as specifica- 
tions engineer, later being made chief engineer. 

He had been a member of the A.S.M.E. since 1928, and was 
serving on the Executive Committee of the Chicago Section 
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at the time of his death. He was a member of Sigma Tau and 
Phi Kappa Phi fraternities and was secretary of the Penn 
State Alumni Club in Chicago for a number of years. 

Mr. Charles was survived by his widow, Hattie (Reams) 
Charles, whom he married in 1917, and by a son, Robert; also 
by a brother and a sister. 


JOSEPH BENEDICT CHRISTOPH (1918-1943) 


Joseph Benedict Christoph, captain in the U.S. Air Corps, 
died on April 2, 1943, as the result of the crash of a military plane 
near Hendricks Field, in Florida, where he was serving in the 
Department of Training. He enlisted as a cadet following his 
graduation from college in 1940 and was trained at the Missis- 
sippi Institute of Aeronautics, Jackson, Miss., and at Gunter 
and Maxwell fields, in Alabama. He was an instructor at Max- 
well Field from the completion of his training until 1942, when 
he became a B-17 instructor at Hendricks Field. He was pro- 
moted to the rank of captain a few weeks before his death. 

Captain Christoph was born in Maplewood, N.J., on June 3, 
1918, son of Otto J. and Eva (Doss) Christoph. He attended 
St. Benedict’s Preparatory School in Newark, N.J., before enter- 
ing Villanova College, Villanova, Pa., from which he received a 
B.S. degree in mechanical engineering in June, 1940. 

A member of the A.S.M.E. Student Branch at Villanova, he 
was advanced to junior membership in the Society after 
graduation. 


HUTCHINSON INGHAM CONE (1871-1941) 


Hutchinson Ingham Cone, Rear Admiral, U.S.N. (Retired), 
honorary member of the A.S.M.E., died at Orlando, Fla., on 
February 12, 1941 of a heart ailment. Retired in 1922, Admiral 
Cone supplemented his active career in the Navy with various 
assignments in official and industrial life for which his naval 
career had laid the foundation. At the time of his death he 
was serving as chairman of the Board of Directors of Moore- 
McCormack Lines, Inc., New York, N.Y. 

Son of Daniel Newnan and Annette (Ingham) Cone, he was 
born on April 26, 1871, in Brooklyn, N.Y., although his family 
home was in the country near Lake City, Fla. He attended 
the East Florida Military and Agricultural College at Lake 
City, from which he was graduated in 1889. The following 
year, after a period of teaching school, he was appointed to 
the U.S. Naval Academy from the Second District of Florida. 

For the first five years after he had completed his studies at 
Annapolis in 1894 he saw service on various vessels. He was 
commissioned an assistant engineer in 1896 and served on the 
U.S.S. Baltimore during the Spanish-American War, partici- 
pating in the battle of Manila Bay. In 1899 he became a line 
officer with the rank of ensign, and in the same year was pro- 
moted to lieutenant, junior grade. He was ordered to the 
Naval Torpedo Station for instruction in 1901, and the fol- 
lowing year was commissioned lieutenant. His first command 
came in 1903 on the torpedo boat Dale, which cruised with 
other destroyers to the Philippine Islands via the Suez Canal. 

This ied to his selection in 1907 to command the Second 
Torpedo Flotilla on its trip with the battleships of the North 
Atlantic Squadron to the West Coast via the Straits of 
Magellan. On January 1, 1908, he was made lieutenant com- 
mander and shortly afterward appointed fleet engineer of the 
Atlantic Fleet and in that capacity continued with the fleet 
on its memorable cruise around the world, terminating at 
Hampton Roads, Va., early in 1909. The success of the trip 
was largely due to the fact that he so organized the continuous 
inspection and maintenance of machinery and power plants 
afloat that the fleet functioned perfectly at great distances 
from navy yards and repair bases. 

His achievement brought special recognition in May, 1909, 
in his appointment by President Theodore Roosevelt for a four- 
year term as engineer in chief and chief of the Bureau of 
Steam Engineering, carrying with it the rank of rear admiral, 
although he was only a lieutenant commander. At the age of 
thirty-eight he was the youngest man ever to be selected for 
this highly important task or as head of any naval bureau. 
As engineer in chief, he consolidated the scheme of fleet main- 
tenance, influenced design and construction of machinery to 
support it, and established a fixed engineering policy. During 
his period of service with the Bureau two outstanding develop- 
ments began, namely, the change from coal-burning to oil- 
burning equipment in naval vessels and investigations which 
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led to the adoption of electric drive. He also developed the 
system of wireless shore stations linking the United States, 
Panama, and American possessions in the Pacific. Under his 
guidance the Bureau kept to the forefront in engineering prog- 
ress, particularly along electrical lines and the development of 
efficient propellers. 

After his term of office expired, in 1913, he reverted to his 
regular rank of lieutenant commander and assumed the duties 
of executive officer of the Utah. He was promoted to the rank 
of commander later that year, was in command of the Dirie 
in 1914-1915, and served as marine superintendent of the 
Panama Canal from August, 1915, to September, 1917. 

The United States having entered World War I, Admiral 
Cone secured a transfer abroad for active service and after 
the completion of assignments in the British Isles was put 
in command of the U.S. Naval Aviation Forces, Foreign Ser- 
vice, with headquarters at Paris. By sound engineering plan- 
ning and administration he brought these forces to an excellent 
standard of equipment and training for the performance of 
extremely useful service. Later he served as Aide for Aviation 
on the staff of the Commander of U.S. Naval Forces in Euro- 
pean Waters. He was promoted to captain (temporary) early 
in 1918, but in October of that year the S.S. Leinster on which 
he was en route from Queenstown, Ireland, to London, on a 
mission involving aviation bases, was torpedoed and sunk in 
the Irish Sea by a German submarine. As the result of 
severe injuries sustained, he was returned to the United States 
after a period of hospitalization in Ireland, and by the late 
spring of 1919 was sufficiently recovered to return to active 
duty. 

During a course of instruction at the Naval War College he 
received his permanent commission as captain. He reported 
for duty at Manila, P.I., in July, 1920, to take command of the 
Huron (formerly the South Dakota) and later assumed addi- 
tional duties as chief of staff and Aide to Admiral Albert 
Gleaves. He returned to the United States in the spring of 
1922 and on July 11 was retired, as engineer in chief with the 
rank of rear admiral. 

The Distinguished Service Medal was presented to Admiral 
Cone for his European service during World War I. The British 
government conferred the Distinguished Service Order upon 
him and made him honorary commander of the Military Divi- 
sion of the Order of the British Empire in recognition of 
his gallantry in saving life on the occasion of the torpedoing 
of the Lienster. France made him an Officer of the Legion 
of Honor. The Italian government gave him the Cross of Officer 
of the Order of St. Maurice and St. Lazarus. Other honors in- 
cluded the Spanish and Philippine Campaign Medals, Cuban 
Pacification Medal, and Mexican Service Medal. 

Following his retirement from the Navy, Admiral Cone was 
assistant to the president of the Panama Railroad Steamship 
Lines until February, 1924, when President Calvin Coolidge 
appointed him assistant to the president of the U.S. Shipping 
Board Emergency Fleet Corporation (later known as the Mer- 
chant Fleet Corporation), to aid in developing an efficient, 
privately owned American merchant marine. In April he was 
elected vice-president and trustee of the corporation and in 
November was appointed its general manager. He resigned 
this position about a year later and became associated with 
the Daniel Guggenheim Fund for the Promotion of Aeronautics. 
He served as vice-president and treasurer of the fund from Janu- 
ary, 1926, to June, 1928, and in this capacity he made a 
major contribution to the advancement of aeronautic science and 
improved public understanding of the possibilities of aviation 
in commercial transport. 

He resigned from the Fund in June, 1928, accepting ap- 
pointment by President Coolidge as commissioner of the US. 
Shipping Board and trustee of the Merchant Fleet Corporation. 
He became chairman of the Committee on Construction Loans 
of the Shipping Board, primarily responsible for the construc- 
tion of vessels built for private owners under the provisions 
of the Merchant Marine Act of 1928. He proposed a program of 
engineering development and secured appropriations therefor 
from Congress. This led to a series of investigations of new and 
improved methods of shipbuilding and propulsion. Model-basin 
experiments included propeller research and studies of hull 
forms. Tests of ships for comparison with model performance 
were made. Experiments into the possibilities of increasing 
speed and efficiency of existing ships were conducted. Boiler 
feedwater treatment was studied and tests were made on steam 
boilers and bilge water separators. The data secured in these 
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tests were made available so that Admiral Taylor’s “Speed and 
Power of Ships” could be brought up to date and published. 

In March, 1933, Admiral Cone was designated chairman of 
the U.S. Shipping Board by President Franklin D. Roosevelt. 
Later that year, when the functions of the Board were trans- 
ferred to the Department of Commerce, he was appointed chair- 
man of the Advisory Committee to the Secretary of Commerce in 
charge of the Board. He was also elected senior vice-president 
of the Merchant Fleet Corporation. He continued to serve 
in these capacities until March, 1935, when he resigned be- 
cause of changes in policy in the administration of the Mer- 
chant Marine Act. 

After he resigned from the Navy his high reputation as an 
engineer led to many offers of positions. The Ore Steamship 
Company, subsidiary of the Bethlehem Steel Company, secured 
his services as consultant on Panama Canal tolls, and he also 
gave some time to the Calmar Steamship Corporation. He 
then enjoyed a brief period of retirement, but in March, 1937, 
the Moore-McCormack steamship lines persuaded him to join 
them in their efforts to extend their service to the Baltic as 
well as its operations to South America and in the coastal and 
intercoastal trades. He became chairman of the company’s 
Board of Directors and served in that capacity until his death, 
making a great contribution to the development of privately 
owned and operated American flag service, particularly to the 
east coast of South America, by inspiring the officers of the 
company with his vision of the great possibilities in that trade. 
The War Shipping Administration honored Admiral Cone by 
naming a merchant ship for him and assigning her to be operated 
by the Moore-McCormack lines. 

Admiral Cone was elected a member of the A.S.M.E. in 1910 
and honorary membership in the Society was conferred upon him 
in 1936. He was chairman of the Washington, D.C., Section 
in 1930 and in that capacity official host in Washington to mem- 
bers of the Society and its guests on the occasion of the Fiftieth 
Anniversary celebration. 

He was honorary vice-president of The Society of Naval 
Architects and Marine Engineers, whose obituary of him in its 
1941 Transactions has been helpful in the preparation of this 
memorial biography. He was president of the American Society 
of Naval Engineers in 1910-1911 and a member of the U.S. 
Naval Institute. 

Admiral Cone was twice married. His first wife was Patty 
Selden, of Norfolk, Va.. whom he married in 1900 and whose 
death occurred in 1922. They had a daughter, Elizabeth 
(Mrs. J. C. Metzel) and a son, Hutchinson I. Cone, Jr. His 
second marriage was to Julia Mattis, of Champaign, II1., in 1930. 

Admiral Cone was buried in Arlington National Cemetery. 
The Navy Department has named a new destroyer in his honor, 
the U.S.S. Cone, christened by Mrs. Cone, and launched at 
New York on May 10, 1945. 


FRANK GILL CONNELL (1874-1940) 


Frank Gill Connell, associated with the Allegheny Ludlum 
Steel Corporation and predecessor companies, at Leechburg, Pa., 
for fifteen years, died on April 25, 1940. 

Mr. Connell was born at New Castle, Pa., on April 21, 1874, 
son of Charles and Martha (Gill) Connell. He attended high 
school in Sharon, Pa., and the Hall Institute, a business col- 
lege in Sharon, and was a special student in mechanical engi- 
neering at The Pennsylvania State College from 1896 to 1899, 
receiving his mechanical engineering degree as of the Class of 
1900. 

He spent two years with the Westinghouse Machine Com- 
pany, Pittsburgh, Pa., in the heavy Corliss engine erecting 
shop, principally valve gear setting, and more than a year as 
detail draftsman for the company on the Corliss engine. In 
1904-1905 he was detail draftsman on tube-mill machinery for 
the National Tube Company in the Pittsburgh office. 

During the next seven years he was with the American Sheet 
& Tin Plate Co., Pittsburgh, as designing draftsman on rolling- 
mill, tin-mill, and steel-works machinery, including piping equip- 
ment and equipment connected with steel works. Part of the 
time he gathered engineering data at plants relative to improve- 
ments and extensions to buildings and machinery. 

From 1913 to 1914 he was designing draftsman for the A. Gar- 
rison Foundry Co., Pittsburgh, and subsequently was employed 
by the Carbon Steel Company of that city, for three years as 
designing draftsman and then as assistant chief engineer until 
the company discontinued business, about 1923. He next spent 
several years in work for various firms which had bought equip- 
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ment from the Carbon Steel Company. He became associated 
with the West Leechburg Steel Company in 1926, and served 
as its chief draftsman until July, 1936, when the company 
merged with the Allegheny Steel Company, of Brackenridge, 
Pa. In August, 1938, this company again merged with the Lud- 
lum Steel Company, of Watervliet, N.Y., to form the Allegheny 
Ludlum Steel Corporation. Mr. Connell was a member of ‘the 
Engineering Department of the corporation until his death. 

Mr. Connell had been a member of the A.S.M.E. since 1922. 

His widow, Harriet E. (Smith) Connell, and two children, 
Charles R..and Phyllis M. Connell, survived him. 


FRED A. CONTERMAN (1893-1944) 


Fred A. Conterman, whose death occurred at Jamestown, N.Y., 
on December 6, 1944, was born at Cleveland, on Oneida Lake, 
N.Y., on April 19, 1893. His parents were William H. Conter- 
man, M.D., and Florence Elizabeth (Beeby) Conterman. He 
attended high school in Central Square, N.Y., some ten miles 
from his birthplace, and after his graduation in 1910 studied 
at the Carnegie Institute of Technology for a year prior to 
entering Syracuse University. He secured his M.F. degree in 
1915 and had a variety of experience during the next four 
years, including drafting for motor trucks and trailers for the 
Watson Products Corporation, Canastota, N.Y.; and designing 
milk products machinery and supervising layout and construe- 
tion at several dried-milk plants of the Merrell-Soule Com- 
pany, Syracuse, N.Y. (now a division of the Borden Milk 
Products Company). Later he described these years as a period 
when he learned to “take it” and chew tobacco, and acquired a 
new vocabulary. 

In 1918-1919 Mr. Conterman was draftsman and designer at 
the Experimental Station of the Chemical Warfare Service 
at the American University, Washington, D.C. He was engaged 
in the development of gas masks, canisters, and other equip- 
ment, and also signaling devices for the Pyrotechnic Division. 

Four years as tool and machine designer with the Corona 
Typewriter Company, Groton, N.Y., were followed by two with 
the Carpenter Bus Lines, Watertown, N.Y., later taken over by 
the Colonial Coach Lines, and then the Greyhound Bus Lines. 
He designed and supervised the building of bus bodies, and was 
responsible for their maintenance. 

When the latter transfer occurred, in 1925, Mr. Conterman 
became associated with the 1900 Washer Company, Binghamton, 
N.Y., as chief inspector. He built up an inspection department 
covering all inspection from raw materials to finished product. 
After three years with this company (which later became the 
1900 Corporation), he entered upon a period of seven years of 
design and development engineering with the Easy Washing 
Machine Corporation, Syracuse. From 1935 until his death he 
was engaged in similar work as chief engineer for the Blackstone 
Corporation, a division of the Jamestown Metal Equipment 
Company. 

During his many years in this field of manufacture, Mr. Con- 
terman contributed greatly to the development of domestic 
washing machines, ironing machines, dish washers, clothes 
driers, and related household appliances. He was particularly 
interested in modern housing and the relationship of building 
methods and materials with labor-saving devices. A number of 
patents had been granted to him. 

Mr. Conterman became an associate-member of the A.S.M.F. 
in 1927 and was automatically transferred to the grade of mem- 
ber in 1935. He belonged to the Jamestown Chamber of Com- 
merce and the Jamestown Lions Club. 

He married Janet L. Peterson, of Jamestown, in 1932, and 
Was survived by her and two daughters, Joanne and Leslie 
Ann; also by a brother, Dr. Frank Conterman, of Ilion, N.Y. 


HENRY ROBERT CORNELIUS (1862-1940) 


Henry Robert Cornelius died at the Magee Hospital in Pitts- 
burgh, Pa., on July 24, 1940, after a long illness. 

Son of Robert C. and Elizabeth (Cox) Cornelius, he was 
born in Philadelphia, Pa., on November 7, 1862, and educated 
at private and publie schools there and at Hiram W. King’s 
school, Stamford, Conn. From 1880 to 1885 he was draftsman 
with the Yale & Towne Manufacturing Co. at Stamford. He 
was then offered a position with the Southwark Foundry & 
Machine Co., of Philadelphia, where he was at first employed 
as mechanical draftsman, then mechanical engineer. When 
the company purchased the designs for the Weiss barometric 


condenser, the drawings were turned over to Mr. Cornelius to 
put in shape in order to build and introduce the condenser to 
the American market. Subsequently he was appointed Pitts- 
burgh agent and mechanical engineer to sell the company’s 
engines and introduce the Weiss condenser. The first company 
which he persuaded to try it out was the Carnegie Steel Com- 
pany, at its Braddock Works. The Southwark company built 
the original triple-expansion engines for the Harrison Station 
of the Chicago Edison Company, Chicago, Ill., and Mr. Cornelius 
was sent there for several months to superintend the installing 
and testing of these engines. 

For several years, about 1908-1911, he was sales manager for 
the Wisconsin Engine Company, of Corliss Junction, Wis., with 
office in Pittsburgh. From then until 1933 he was sales engi- 
neer for the Mesta Machine Company, of Pittsburgh. During 
this time the Iversen valve, which revolutionized blowing-engine 
practice, was invented, and Mr. Cornelius sold both the valves 
and air heads which were installed in many of the blowing 
engines in the United States. 

In 1934 he became associated with the Edward A. Woods Co., 
representing the Equitable Life Assurance Society in Pitts- 
burgh. He retired in 1938 but continued his life insurance 
underwriting for the Woods company. 

Mr. Cornelius became a member of the A.S.M.E. in 1888 and 
was a member of the first Executive Committee of the Pitts- 
burgh Section, organized in 1920. He had been a member of 
the Engineers Club of Philadelphia since 1886 and also belonged 
to The Engineers’ Society of Western Pennsylvania. 

His wife was Miss Mary P. Taylor of Chambersburg, Pa. 
She and three children, Charles Taylor, Elizabeth Comly, and 
F. duPont Cornelius, survived him. 


CLARENCE PHILIP CRISSEY (1879-1940) 


Clarence Philip Crissey died at his home in Lawrenceville, 
N.J.. October 9, 1940. He was assistant engineer with the 
De Laval Steam Turbine Company, of Trenton, N.J. 

His birthplace was New York, N.Y., and the date of birth, 
September 28, 1879. He attended Trinity School, New York, 
and Columbia University, from which he was graduated in 1902 
with an M.E. degree. He had spent the summer of 1900 work- 
ing in the toolroom of the Westinghouse Electric & Manufac- 
turing Co., East Pittsburgh, Pa., and the following summer 
testing internal-combustion engines at Columbia. 

After his graduation he was employed in the testing labora- 
tory of the General Electric Company at Schenectady, N-.Y., 
and at the Lynn (Mass.) Works of the company. Here, from 
1904 to 1911, he was in charge of the turbine testing depart- 
ment. In 1911-1912 he was associated with Arthur D. Little, 
Ine., consulting engineers, Boston, Mass., in research work for 
the General Motors Company, Detroit, Mich. In 1912 he became 
mechanical engineer in the Research Department of that com- 
pany. The following year he went with Henry R. Worthington, 
New York. He had been with the De Laval Steam Turbine 
Company since 1917. 

Mr. Crissey became a member of the A.S.M.E. in 1912. 


NATHAN ALFRED CURTISS (1887-1940) 


Nathan Alfred Curtiss, who died at Little Falls, N.Y.. on 
June 29, 1940, was born in Boston, Mass., on July 3, 1887, son 
of Alfred Coles and Evalena (Page) Curtiss. He prepared for 
college at the Morris High School, New York, N.Y., and Wal- 
lingford (Conn.) High School, then entered Yale University. 
where he received his Ph.B. degree in mechanical engineering 
in 1909. 

During the years following his graduation Mr. Curtiss was 
assistant instructor at Pratt Institute, Brooklyn, N.Y., on the 
strength of materials, hydraulics, and steam and gas engine 
operation, and also made numerous tests of concrete building 
blocks, in accordance with the Brooklyn Building Code. He 
also served as draftsman with the Winchester Repeating Arms 
Company and Economy Concrete Company, New Haven, Conn., 
Noiseless Typewriter Company, Middletown, Conn., R. Hoe & 
Co., New York, N.Y., and Mergenthaler Linotype Company, 
Brooklyn. 

From 1912 to 1915 he was at the Edison Laboratory in West 
Orange, N.J., as designing engineer. He worked on the design 
and construction of a large motion-picture machine with auto- 
matic electric control, and also designed special automatic ma- 
chines and equipment, lighting and starting units for automobiles, 
air-conditioning apparatus, and other items. For a short time 
in 1915 he was with the T. A. Gillespie Co. on piping and plant 


d 
> 
a 
| 
| 
| 
L 
ap 


RI-56 


layouts for the erection of a smokeless powder plant at Parlin, 
N.J., then he entered the employ of the Crown Cork & Seal Co., 
of Baltimore, Md., as designing engineer on automatic bottle 
filling and capping machinery. He left there in 1918 to serve 
in the Explosives Section of the Inspection Division of the 
Ordnance Department at Washington, D.C. 

In 1919 be became chief draftsman and production engineer 
with The Alexander Milburn Company, manufacturers of oxy- 
acetylene apparatus, Baltimore, but in the same year returned to 
the Crown Cork & Seal Co as checker on automatic bottle fill- 
ing and capping machines, and also for production engineering 
work. In 1920-1921 he was assistant plant engineer with the 
U.S. Industrial Chemical Co., South Baltimore, after which 
he became chief draftsman for the Eagle Pencil Company, 
New York. 

Early in 1924 he was associated with Miller Reese Hutchi- 
son, New York, on inventions, then he went to Chicago, IIL, as 
development engineer at the Hawthorne Works of the Western 
Electric Company. Returning to the East in 1928, he became 
chief mechanical engineer for the Hills Brothers Company, food 
packers, Brooklyn, in which position he continued until 1932. 
He did research work in connection with solar radiations in 
association with Dr. L. V. Burton in 1933, subsequently work- 
ing as chief engineer for the Slip Clip Corporation, manufac- 
turers of machinery for food packaging, New York. After sev- 
eral years with Allied Mills, Inc., Fort Wayne, Ind., he be- 
came mechanical engineer for the Cherry Burwell Company, 
Inc., Little Falls, in 1936, and continued in that position until 
his death. 

Mr. Curtiss became a member of the A.S.M.E. in 1921. He 
allowed his membership to lapse in 1924 and was reinstated in 
1931; again his membership lapsed in 1937, but he was rein- 
stated in 1940, before his death. He belonged to the masonic 
order. 

He married Rachel Celestra Stevens in New Haven in 1911 
and was survived by her and five of their six children: Nathan 
Stevens, Evalena Page (Curtiss) Wright, Nancy Abbie (Cur- 
tiss) Phillips, Ruth Hall, and Polly Crockett. Another daughter 
died in 1921. His father, two grandchildren, and a sister, Mrs. 
Walter E. Racker, of Wallingford, also survived him. 


JOHN DALLAS (1881-1944) 


John Dallas was born in Philadelphia, Pa., on August 18, 1881, 
son of John and Emma Virginia (Stratton) Dallas. He attended 
Lehigh University for three years and The Pennsylvania State 
College for a year and a half. He then secured a position with 
B. F. Sturtevant & Co. as draftsman and worked for them until 
1905, when he went with the Lehigh Valley Railroad as machinist 
apprentice. Here, because of his technical education, he was 
detailed on special work, at times, for the master mechanic and 
also on inspection work under the direction of Albert E. Mitchell, 
superintendent of motive power. In 1908, through the influence 
of Mr. Mitchell, who had gone with the New York, New Haven 
& Hartford R.R., he secured a position as machinist with that 
railroad. After Mr. Mitchell organized the Inspection and Test- 
ing Department, Mr. Dallas was transferred to it, where he 
worked on mechanical laboratory tests and as traveling inspector. 
As a result of this work, he was appointed resident inspector for 
the Eastern Pennsylvania district, taking care of all mechanical 
work and supplies purchased for the New York, New Haven & 
Hartford R.R. in Pennsylvania east of Harrisburg. In 1910 he 
resigned this position, because the work had slackened and there 
was no longer need of a resident engineer. 

In 1911, he went with the Republic Iron & Steel Co. as con- 
struction inspector in the building of their open-hearth plant at 
Youngstown, Ohio. From 1912 to 1913 he was with the Republic 
Rubber Company as designer of special machinery. Before re- 
turning to Philadelphia he designed a special compressed-air 
nail-making machine, for the Ward Nail Company. 

In his native city, Mr. Dallas went to work in 1913 for the 
Vulean Electric Gear Shift Company as shop and production 
inspector. The following year he was engaged by the Philadelphia 
Electric Company as draftsman in the Mechanical Engineering 
Division. From 1917 until the time of his death he was assistant 
to E. L. Hopping, mechanical engineer for the company. As 
supervisory engineer his duties were largely co-ordinating engi- 
neering work in the division. He also served the Employees’ 
Association as a committee member and later as chairman of 
the Suggestion System and his work in this connection was of 
great benefit both to the company and to its employees. A paper 
on “Some Experience in Cinder Elimination at the Philadelphia 
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Electric Company” was published in the 1935 Proceedings of the 
National District Heating Association. 

Mr. Dallas became a member of the A.S.M.E. in 1922. He also 
belonged to the Engineers Club of Philadelphia, Phi Delta Theta 
fraternity, and the masonic order. 

His death occurred at his home in Mt. Airy, Philadelphia, on 
March 5, 1944, after a brief illness. He was survived by his 
widow, Mary Caldwell (Wilson) Dallas, whom he married in 
1908, and by two sons, John and Robert Dallas. 


WILLIAM SIMEON DAVENPORT (1861-1937) 


William Simeon Davenport, president and general manager 
of the Davenport Machine Tool Company, Inc., Rochester, N.Y, 
died on June 7, 1937. He was born on March 14, 1861, at 
Williamstown, Vt. His parents were Rice and Susan (Lyon) 
Davenport, and he was a nephew of Thomas Davenport, the 
“Brandon blacksmith,” inventor of the electric motor. 

He had a common school education and worked at home on 
the farm until he was nearly twenty-one. Then, as he stated 
on his application for membership in the A.S.M.E. in 1913, he 
“picked up” the machinist’s trade during six years with the 
KE. & T. Fairbanks Co. at St. Johnsbury, Vt. There followed a 
year with the Southern Seale Company, in Rome, Ga., after 
which he entered the employ of the Brown & Sharpe Manufac- 
turing Co., Providence, R.I. Beginning as a machinist, he was 
promoted successively to foreman, department superintendent, 
and designing engineer. During his eleven years with the com- 
pany his inherent ability as a mechanic and designer, which had 
been evidenced when he was a boy, became recognized through 
his contributions to the development of Brown & Sharpe tools 
and machines. 

In 1900 Mr. Davenport established the Davenport Machine 
Tool Company at New Bedford, Mass., and it was located there 
until 1919, when it moved to Rochester. His inventions included 
an automatie scale, single- and multiple-spindle automatic screw 
machines, and a direct-reading micronometer caliper. 

Mr. Davenport married Edith E. Hatch, of Dresden, Maine, 
in 1893. 


CHARLES ETHAN DAVIS (1854-1942) 


Charles Ethan Davis, who retired from engineering work in 
1923, and had resided in Darien, Conn., for some years, died in 
New York, N.Y., on May 23, 1942. He had been a member of 
the A.S.M.E. since 1896. 

Mr. Davis was born at Holden, Mass., on August 3, 1854, son 
of Ethan and Mary Ann (Waters) Davis. He attended Holden 
schools and was graduated from Worcester Polytechnic Institute 
in 1875 with a B.S. degree in mechanical engineering. 

He remained at the Institute for about a year after gradua- 
tion; teaching and gaining further shop experience, then studied 
law for two years in Worcester and at the Boston Law School. 
This seems to have been his only diversion from a life devoted 
to the engineering profession. In 1879 he became associated with 
James W. Paige, of Hartford, Conn., in the development of a 
machine for setting, justifying, and distributing type. Of this 
work he wrote in his application for membership in the A.S.M.E., 
“T had full charge of the engineering work on the Paige com- 
positor from its early stages to its completion and final test at 
Chicago in 1895, something over fourteen years during which 
time I was in touch with the best practice in mechanical methods 
as employed by Pratt & Whitney, Brown & Sharpe, and others, 
acting as chief engineer and superintendent.” The manufacture 
of the “compositor” in its perfected form was undertaken at the 
Webster Manufacturing Company, Chicago, under the direction 
of Mr. Davis. 

From 1895 to 1902 Mr. Davis was sales manager for the Pratt 
& Whitney Co. in the western territory, with headquarters at 
Chicago, and subsequently he was general superintendent of the 
Illinois Sewing Machine Company, Rockford, Ill. After spending 
several months in England and on the Continent in 1907 he be- 
came superintendent of the Automobile Department (Alco plant) 
of the American Locomotive Company, at Providence, R.I. How- 
ever, his first connection with this company was a brief one, as 
in 1909 he went to Muncie, Ind., to serve as general manager 
of the Warner Gear Company. He returned to Providence and 
the American Locomotive Company in 1912 in the position of 
general manager of the plant. The following year he and Mrs. 
Davis participated in the visit of A.S.M.E. members to Germany 
and he spent some time abroad studying foreign cars and manu- 
facturing methods, in connection with his work for the American 
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Locomotive Company on the development of automobiles and 
trucks. 

A period of consulting work in New York, N.Y., after his 
return to the United States was followed by further services at 
Providence for the American Locomotive Company, which in 
1914 had contracted with the British government to manufacture 
five and one-half million three-inch shrapnel, complete with 
cartridge case and time fuse. The Providence Alco plant (its 
name changed to “Walco” as the Westinghouse company was a 
subcontractor) had been altered and equipped to load the time 
fuses and Mr. Davis was asked to return as manager. He re- 
mained until the completion of the contract, which took about 
eighteen months. The British army officers expressed great satis- 
faction as to the quality and quantity of fuses delivered. 

Subsequently Mr. Davis was general manager at the Wright- 
Martin plant at the Simplex Automobile Company, New Bruns- 
wick, N.J., in charge of manufacturing Crane Simplex auto- 
mobiles and Hispano-Suiza airplane motors for the French 
government. After the United States entered World War I he 
was consulting engineer for the American International Company 
in connection with building a drop forge plant for shells at 
Rochester, N.Y., engineer in the Ordnance Department at Wash- 
ington, D.C., in charge of optical glass and fire-control apparatus, 
and a member of the Technical Committee of the War Claims 
Board. 

For a few years after the war he was general manager for the 
Fisemann Magneto Company, Brooklyn and New York, and econ- 
tinued with his consulting practice. He retired in October, 1923, 
and for a number of years traveled widely. 

Mr. Davis was survived by his widow, Julia (Tyree) Davis, of 
New Albany, Ind., whom he married in 1897. 


WILLIAM J. DAVIS, JR. (1868-1944) 


William J. Davis, Jr., for many years associated with the 
General Electrie Company, died on February 18, 1944, at the 
Ellis Hospital in Schenectady, N.Y., of a cerebral hemorrhage, 
following an illness of six months. 

Mr. Davis was born in Louisville, Ky., on May 13, 1868, son 
of William J. and Frances (Cunningham) Davis. He prepared 
for college in the Louisville schools and was graduated from 
Rose Polytechnic Institute with a B.S. degree in 1892, receiving 
an M.S. degree there two years later. In 1892 he had taken 
the student engineer’s test course at the Lynn (Mass.) Works of 
the General Electric Company and he returned to the company 
in February, 1895, and continued in testing and railway work, 
at Schenectady. 

In 1899 Mr. Davis was named assistant engineer in the 
Railway Engineering Department and in that capacity he 
carried out special engineering work in connection with the 
electrification of the New York Central, West Jersey and Sea- 
shore, and other railroads, electrification work for the Detroit 
River Tunnel, and the design and construction of interurban 
electric railways in a number of localities. He introduced forced 
ventilation for railway motors and did pioneer work on the 
subject of train resistance. 

Mr. Davis became engineer of the company’s Pacific Coast 
District, with headquarters in San Francisco, Calif., in August, 
1908. and spent many years on engineering and development 
work in that territory. He was also for a time chief engineer 
of the Mexican Northern Power Co., Ltd., of Montreal, Can., 
in charge of the engineering features of the Boquilla development 
of that company in Chihuahua. He designed and constructed a 
hydroelectric plant for the New York & Honduras Rosario 
Mining Co., San Juancito, Honduras, and was superintendent of 
construction of a 200-ton mill and cyanide plant of that company. 

Early in 1921 Mr. Davis was recalled to Schenectady to serve 
in the Railway Engineering Department, and when that de- 
partment became the Transportation Engineering Department 
in 1929 he was appointed consulting engineer, in which position 
he continued until his retirement on September 1, 1930. 

A record of some of his work, particularly on train resistance, 
will be found in the technical press. He had belonged to a 
number of engineering societies, including the American Insti- 
tute of Electrical Engineers and the A.S.M.E., becoming a mem- 
ber of the latter in 1910. He enjoyed golfing and fishing and 
held membership in clubs for such recreation in San Francisco, 
Schenectady, and Canada. He was also a member of the Sche- 
nectady Curling Club. 

Mr. Davis was unmarried. ‘Two brothers, Cleland and Basil, 
survived him. 
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DONALD EDGAR DICKEY (1900-1941) 


Donald Edgar Dickey was born at Windsor, Colo., on October 
5, 1900, son of Robert Smith and Nancy Ellen Dickey. He 
attended the Windsor schools and was graduated from the Uni- 
versity of Colorado in 1922 with a B.S. degree in chemical engi- 
neering. The degree of Ch.E. was conferred upon him by the 
university six years later. He also took an Alexander Hamilton 
Institute business course. 

Following his graduation in 1922 Mr. Dickey was assistant 
chemist for the Los Angeles (Calif.) Gas & Electric Corp. until 
May, 1923. He then joined the Testing Department of the 
General Petroleum Corporation, Los Angeles, where he was assis- 
tant engineer in the mechanical, electrical, and chemical testing 
of materials and equipment. Part of his work related to soil 
corrosion problems and wire rope research. He was instrumental 
in the development of a meter referred to as a “wire line duty 
meter.” This instrument charts a record of the weight on a 
wire rope, the maximum momentary stresses, maximum and 
average speeds of the rope, acceleration, total miles traveled and, 
with the aid of a planimeter, the total mile-tons of service 
rendered. 

Since February, 1931, Mr. Dickey had been associated with the 
Broderick & Bascom Rope Co., St. Louis, Mo. During the first 
three years he was engineering representative in California, 
responsible for recommendations on proper use of wire rope, both 
in oil fields and in industrial work. He was then appointed 
research engineer at St. Louis. His duties included the making 
of equipment surveys and recommendations in industrial plants 
as well as direct research work on wire rope. 

Mr. Dickey was co-author with H. Hays of an article on “Pro- 
cedure in Making Surveys of Soils,” published in the Oil and 
Gas Journal for June 5, 1930, and articles on wire rope in the 
Standardization Bulletin of the American Petroleum Institute. 
He had served as national secretary of the A.P.I. Standardiza- 
tion Committee on Wire Rope and Manila Cordage, and was 
national chairman of the A.P.I. Special Committee on Production 
Research, 1932-1934. 

Mr. Dickey became a junior member of the A.S.M.E. in 1925. 
He allowed his membership to lapse from 1927 to 1931, when he 
was reinstated as a junior member. He was advanced to the 
grade of member in 1938. He was a member of the executive 
committee of the Los Angeles Section and chairman of its mem- 
bership committee in 1934. After going to St. Louis he became 
active in the work of the Section there and was vice-chairman 
of the executive committee in 1938, chairman the following year, 
and was still serving on the committee at the time of his death. 

He was a member of Tau Beta Pi, Alpha Chi Sigma, and 
Lambda Chi Alpha, and of the Army Ordnance Association. He 
was a second lieutenant in the Ordnance Reserve. 

Mr. Dickey’s death occurred in a Los Angeles hospital on 
November 28, 1941. He had gone to California on vacation be- 
cause of poor health. Surviving him were his widow, Kathleen 
Mary (Kerr) Dickey, whom he married in 1924, two sons, Donald 
Robert and Richard Kerr Dickey, his father, and a sister, 
Gladys Dickey. 


EDGAR DRURY DICKINSON (1878-1944) 


Edgar Drury Dickinson, one of the pioneers in steam-turbine 
design and manufacture, and engineer of the Turbine Engineer- 
ing Department at the River Works of the General Electric 
Company, in Lynn, Mass., from 1922 until 1943, died on April 28, 
1944, after forty-four years of service with the company. 

He was a Canadian by birth, having been born in Barrie, 
Ontario, Canada, on April 27, 1878, son of John and Eliza 
(Lount) Dickinson. He attended the University of Toronto, from 
which he was graduated in 1900. 

Even when a young boy he was always much interested in 
machinery, and as he grew older, in electrical and mechanical 
engineering. Upon graduation he went to the General Electric 
Company’s Schenectady plant and applied for work. He had hoped 
to enter the student test course but there was no opening at the 
time and he was not encouraged about future work. He told 
them that he needed work and also felt that the General Electric 
Company could provide him with the training and the work for 
the future which he desired. He persuaded them to employ him 
in the drafting department at Schenectady. 

From the Drafting Department he went to the test course and 
in 1903 to the old Lighting Department under W. L. R. Emmet, 
who did the original development work on the steam turbine for 
the General Electric Company. Thus, Mr. Dickinson became one 
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of the pioneering group in the field of steam-turbine design and 
manufacture. 

In 1903 he was sent to Chicago to put into operation the first 
5000-kw steam turbine, the largest in the world at that time, 
which was installed at the Fisk Street Station of the Chicago 
Edison Company, one of the predecessors of the Commonwealth 
Edison Company. This turbine now stands before the turbine 
building at the Schenectady Works of the General Electric, a 
monument to the courage of those few pioneering turbine men. 

In 1907 he went to the Turbine Engineering Department with 
Oscar Junggren, where he stayed until 1919. 

His design ability quickly led to a responsible position and in 
1908 he was given an important assignment with the Compagnie 
Francaise Thomson-Houston, Paris, France. On his return to 
the General Electric Company he was made assistant engineer of 
the Turbine Engineering Department at Schenectady. 

About 1911 the vertical turbine had reached a capacity of some 
20,000 kw and the shift to the horizontal shaft units began. With 
Oscar Junggren he led the development of units up to 45,000-kw 
capacity. 

During World War I Mr. Dickinson became engineer of the 
Ship Propulsion Division and turned his attention to the develop- 
ment of steam turbines and gears for the propulsion of ships for 
the United States Navy and the United States Shipping Board. 
His efforts resulted in the design of propulsion turbines and gears 
which could be built much more rapidly than others, with the 
result that the General Electric Company shipped turbine geared 
propulsion units for cargo carriers at the rate of one a day. 
These equipments were at the same time compact and efficient, 
thus conserving space and increasing cruising radius. This con- 
tribution was recognized as outstanding in the field. 

In 1922 Mr. Dickinson was made engineer of the Turbine 
Engineering Department of the Lynn River Works. He con- 
tinued in that capacity until his retirement on May 31, 1943, and 
remained as consultant on turbine design until the time of 
his death. 

It was at Lynn that his contribution to the steam turbine was 
the greatest. He developed the moderate size turbines to be 
leaders in their field. Under his direction a line of turbines for 
industrial power plants was produced which could be easily 
adapted to the wide variety of conditions imposed by the require- 
ments for both power and process steam. His designs included 
a line of turbine generators built up of common parts so that a 
wide variety of applications could be served with efficient tur- 
bines at low cost. Ineluded in these applications were the first 
double extraction units with both extraction pressure—and speed 
—controlled. These sets have been of extreme value to the paper, 
textile, and chemical industries, where process steam of more than 
one pressure was required and where the close holding of speed 
was vital to the success of the manufactured product. To quote 
a G.E. official: “Under his supervision the efficiency, reliability, 
and general utility of the steam turbine for industrial plants 
advanced rapidly and attained a wide acceptance in industry.” 

His designs of naval and marine auxiliary turbine-generator 
sets during the 1920’s are basically those in use today. His 
mechanical skill and cost consciousness made his designs out- 
standing. 

Building upon his earlier experience in World War I, in the 
design of turbines for ship propulsion, he was instrumental in 
perfecting highly efficient turbine drives for merchant and naval 
ships. These have played a vital rédle in the building of our 
Merchant Marine and Navy in World War II, notably for cargo 
ships, tankers, and destroyer escort vessels. 

His efforts were untiring toward the development and continu- 
ous improvement of the steam turbine. His ideals were high and 
he had a great fixedness of purpose which have done much to 
place and maintain General Electric turbines in a dominant 
position in the industry. 

He was a man of great vision, a deliberate thinker and one of 
sound judgment. He exhibited characteristics of great firmness 
in opposition to principles or policies with which he did not 
agree and by these characteristics endeared himself to a large 
number of employees, friends, and acquaintances throughout the 
General Electric Company and the turbine industry. 

He was an inspiring leader and was greatly interested in the 
development of young engineers. Many of our successful engi- 
neers of today have profited much from his guidance and 
training. 

His inventiveness and ingenuity are attested by thirty-six 
patents issued in his name. 

His technical writings are not extensive. Instead he sped the 
growth of his younger engineers by encouraging them to write. 


He was a man with no hobbies in particular. He enjoyed his 
small farm in the country and an evening occasionally with 
friends, but seemed to get the most pleasure out of his engineer- 
ing work. 

Mr. Dickinson became a member of the A.S.M.E. in 1913. He 
was also a member of the Society of Naval Architects and 
Marine Engineers and the American Society of Naval Engineers. 
He was on the Board of Directors of the Lynn Rotary Club for 
a number of years, and was a member of the Thomson Club of 
Lynn. He became a naturalized citizen of the United States 


in 1919. 


Surviving Mr. Dickinson were his widow, Margaret (Cotter) 
Dickinson, whom he married in 1913, and three children, Betty 
C. Dickinson, Mrs. Joseph Ford, Jr., and James D. Dickinson, 
all of Wenham, Mass.—[Biography compiled by Miss Apan E. 
DELANEY, former secretary to Mr. Dickinson, from records of the 
General Electric Company and statements by R. C. Murr, Fellow, 
and C. 8. CoGGESHALL and H. M. Kine, Mems., A.S.M.E. | 


AMBROSE NEVIN DIEHL (1876-1940) 


Ambrose Nevin Diehl, former president of the Columbia Steel 
Company, a U.S. Steel subsidiary, died of a heart ailment on 
January 3, 1940, in San Diego, Calif. He rose to his position 
step by step from his first job as a $55 a month chemist in the 
laboratory of the Carnegie Steel Company. 

Mr. Diehl was born on October 20, 1876, at York, Pa.. son 
of Andrew K. and Sarah (Gring) Diehl. He was graduated 
in 1894 from the York Collegiate Institute and received a 
B.S. degree in 1898 from The Pennsylvania State College, where 
he specialized in chemistry. - During the following year he was 
assistant chemist at the Pennsylvania Experimental Station, 
State College, Pa. 

A year after graduation found him employed at the laboratory 
of the Duquesne Works of the Carnegie Steel Company. Six 
months later he was made assistant blast-furnace superintendent 
and in 1901 was appointed superintendent, which position he 
occupied until 1915. He then became assistant general super- 
intendent for the Duquesne Works and blast furnace, and was 
elected to the assistant operating vice-presidency of the Car- 
negie company, holding this position during the heavily bur- 
dened years of the first World War. He was associated with 
all constructional problems arising in the entire Carnegie Steel 
Company, especially those pertaining to river transportation, 
as well as the Clairton By-Product Coke Plant; also all ap- 
propriations for improvement passed through his office for 
approval. 

In 1918 Mr. Diehl was assigned to the general managership 
of the Duquesne Works, where he had started work some 
twenty years before. He ran these works for seven years so 
successfully that in 1925 he was recalled to Pittsburgh and made 
a vice-president and director of the Carnegie Steel Company. 
This position also included directorships in several other com- 
panies. In 1930 he was elected vice-president of the U.S. Steel 
Corporation and moved to New York, where executive and 
administrative experience rounded out his achievements in 
operation and production. In 1932 he was sent to the Pacific 
Coast to take charge of company interests there and to con- 
solidate and develop them. He was elected president of the 
Columbia Steel Company, with headquarters in San Francisco. 

He was especially interested in all phases of blast-furnace 
operation, from the theoretical as well as the practical side. He 
brought out the well-known Diehl spray wash for blast-furnace 
gas as well as the Diehl blast-furnace stove. 

Mr. Diehl was elected a member of the A.S.M.E. in 1919. He 
also belonged to the American Institute of Mining and Metal- 
lurgical Engineers, American Iron and Steel Institute, and 
Engineers’ Society of Western Pennsylvania. He had presented 
a number of papers before technical societies. 

He was a former president of the Duquesne Trust Company 
and Duquesne Library and chairman of the Duquesne Red Cross. 
He also served as a trustee of The Pennsylvania State College, 
Pittsburgh City Rivers and Harbor Planning Commission, 
Pennsylvania World’s Fair Commission, and as a member of 
the executive committee of the Carnegie Hero Fund Commis 
sion. He was a former president of the Pittsburgh University 
Club and represented Pennsylvania at the Centennial Exposi- 
tion in Rio de Janeiro, Brazil, S.A. 

He was survived by his widow, Frances (White) Diehl, whom 
he married in 1922, a daughter, Mrs. H. J. Heinz 2d, of Pitts- 
burgh, a son, Thomas, of New York, and a sister, Katherine, of 
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East Orange, N.J—-[ Biography adapted from an appreciation by 
A. L. J. QuENEAU, U.S. Steel Corp.. New York, N.Y., published 
in Mining and Metallurgy, March 1940, page 173.] 


HUGO DIEMER (1870-1939) 


Hugo Diemer, director of management training, La Salle 
Extension University, Chicago, T11., since 1920, died suddenly on 
Mareh 3, 1939, in that city. 

He was born in Cineinnati, Ohio, on November 18, 1870, the 
son of Theodore and Bertha L. (Huene) Diemer. He received 
his high school education at the Woodward School in Cincinnati, 
and then attended The Ohio State University, from which he 
was graduated in 1896 with the degree of M.E. His postgraduate 
studies were conducted at the University of Chicago in 1900 and 
at The Pennsylvania State College. from which he received the 
Bachelor of Arts degree in the course in history and political 
science in 1913. 

His early work was in the offices of the Addystone Pipe & 
Steel Co., Cincinnati, 1888-1892, and the Bullock Electric Manu- 
facturing Co., Cincinnati, in purchasing and cost accounting work. 
He operated a business as electrical contractor in 1897-1898, took 
charge of the Cost Department of the Bullock company at its 
new Norwood works for a time in 1899, and also, prior to 1900, 
had been connected with the southern sales and engineering office 
of the Westinghouse Electric & Manufacturing Co., in whose 
winding and transformer departments he had served an appren- 
ticeship in the summer of 1895. 

Mr. Diemer’s first teaching experience was at the North 
Carolina Agricultural and Mechanical College, Greensboro, where 
he was in charge of the Mechanical Department in 1899-1900. 
The following year he was assistant professor of mechanical 
engineering at Michigan State College of Agriculture and Ap- 
plied Science, East Lansing, Mich., and in 1901 be became asso- 
ciate professor of mechanical engineering at the University of 
Kansas, where he remained until 1904. He also did some work 
on wage systems for the Cincinnati Milling Machine Company 
and MeCormick Division of the International Harvester Com- 
pany during these years. He was superintendent of the National 
Motor Vehicle Company, Indianapolis, Ind., 1904-1906; presi- 
dent, Indianapolis Furniture Company, 1904-1905; production 
manager, Goodman Manufacturing Company, Chicago, 1906-1908. 

Returning to teaching, he was professor of mechanical engineer- 
ing. in charge of the department, at The Pennsylvania State 
College from November 22, 1907, to 1909, and professor of indus- 
trial engineering there from 1909 to July 1, 1919, at which time 
he resigned. In 1908, under the direction of Dean John Price 
Jackson, he developed the first organized curriculum in industrial 
engineering in the United States, and in 1914 established out- 
of-town adult classes in industrial management, cost accounting, 
and foremanship, and, two years later, the summer course for 
industrial executives. 

During World War I, as a major in the Ordnance Department, 
he was in charge of all army work at the U.S. Cartridge Co., 
Lowell, Mass., in 1917, and was staff assistant to the commanding 
officer at the Bethlehem Steel Company in 1918. From 1919 to 
1920 he was personnel superintendent with the Winchester 
Repeating Arms Company, New Haven, Conn., where he organ- 
ized the personnel and industrial relations work and developed 
training for apprentices, foremen, college graduates, and sales- 
men. Sinee 1922 he had held the rank of lieutenant-colonel in 
the U.S. Ordnance Reserve Corps. As a reserve officer he had 
arsenal and procurement survey training as well as training in 
the office of the Assistant Secretary of War in correlation of 
procurement plans. 

In 1920 he became director of management training and ser- 
vice, La Salle Extension University, which position he occupied 
at the time of his death. In this capacity he wrote and edited 
training material, such as the “Business Bulletin” and “Manage- 
ment News Letter,” directed the educational service and consul- 
tations, and also personnel management. 

Colonel Diemer was the author of a number of books, including 
“Automobiles,” “Factory Organization and Administration,” 
“Industrial Organization and Management,” “Foremanship 
Training,” and “How to Set Up Production Control for Greater 
Profits,” and was editor of “Wage Payment Plans That Reduced 
Production Costs.” He also wrote many articles on production 
control, cost accounting, time study, wages and incentives, and 
human relations. 

Colonel Diemer became a member of the A.S.M.E. in 1904 and 
was active in the Chicago Section, serving as a member of its 
executive committee for twelve years and as its vice-chairman 
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in 1926, chairman the following year, and treasurer in 1935. In 
1933 he was elected a representative of the A.S.M.E. on the 
American Engineering Council for a two-year term. He was a 
member of the Society’s Professional Conduct Committee, 1934— 
1939, and the chairman of the committee the last year of this 
period. 

He was a member of and had served as head of the Chicago 
group of both the Taylor Society and the Society of Industrial 
Engineers prior to their combination in 1936 to form the Society 
for the Advancement of Management, Ine. In 1926 the S.I.E. 
elected him national vice-president in charge of education for a 
five-year term. He was vice-president of the Society for the 
Advancement of Management. 1936-1937, and this society 
awarded him the Taylor Key in recognition of his outstanding 
contributions to the science of management. He was a director 
of the Institute of Management (a part of the American Manage- 
ment Association) in 1928, and was one of the founders and the 
first chairman of the Chicago Management Council. 

He was also a member of the American Association for the 
Advancement of Science, Society for the Promotion of Engineer- 
ing Edueation, the Executives Club of Chicago, and the Sigma 
Xi and Sigma Tau fraternities. He was a Knight Templar and 
Shriner and past commander in the masonie order, and belonged 
to a number of clubs. 

Colonel Diemer had served as a member of committees on 
engineering and on rivers and harbors of the Chicago Association 
of Commerce, and the Committee on Industrial Surveys of the 
Illinois Chamber of Commerce. 

His hobbies were motoring and floriculture. 

He married Mabel Wiley Hudson, of Lansing, Mich., in 1901. 
Her death oceurred in 1934. Four children, a son and three 
daughters, survived them: Theodore H., Natalie E., Mary L. 
(Mrs. Wayne S. Schlentz) and Dorothy A. (Mrs. Charles 
Thompson, Jr.). 


WALTER CHARLES DOERING (1886-1940) 


Walter Charles Doering was born in Belleville, Ill., on Sep- 
tember 12, 1886, son of John Henry and Margaretta (Krupp) 
Doering. He received a grammar school education and later 
studied commercial law at Benton law school in St. Louis, Mo. 

His business career began in 1900 when he entered the employ 
of the St. Louis Car Wheel Company. Starting as office boy he 
was steadily promoted and when this company was absorbed 
in 1913 by the Southern Wheel Company, a subsidiary of the 
American Brake Shoe & Foundry Co., manufacturers of ear 
wheels and mine cars, Mr. Doering became assistant vice-presi- 
dent of the former. He was made assistant to the president in 
1916 and vice-president in charge of manufacture and sales in 
1919. 

He left the Southern Wheel Company in 1923 to become vice- 
president, with jurisdiction over manufacture and sales, of the 
Bradford Corporation, of St. Louis and Chicago, Ill., which was 
also engaged in the railway-equipment industry. 

In 1930 he was elected vice-president in charge of sales of 
American Steel Foundries, St. Louis, manufacturers of cast- 
steel castings for freight cars and locomotives, steel truck cast- 
ings, couplers, driving wheel centers, and locomotive frames. 
He held that position until his death on June 20, 1940. 

Mr. Doering became an associate of the A.S.M.E. in 1933. 
He was a director of the St. Louis Federal Savings & Loan Co. 
and a member of the Army Ordnance Association, Railway Busi- 
ness Association, Associated Industries of Missouri, St. Louis 
Chamber of Commerce, the Engineers, Algonquin Country, Bel- 
lerive Country, Missouri Athletic, and Racquet clubs of St. 
Louis and the Union League, Tavern, and Westmoreland Coun- 
try clubs of Chicago. His recreations were golf, deep-sea fishing, 
and horseback riding. 

He married Ella Marie, daughter of Henry Streiff, a manu- 
facturer, of Highland, Ill, in-1905, and they had two daughters: 
Margaret Louise, who married Charles Warren Triggs, and 
Elizabeth Ann Doering—[{Memorial adapted from biography 
published by The National Cyclopedia of American Biography, 
vol. xxxi, page 125.] 


PAUL DOTY (1869-1938) 


Paul Doty, president of the A.S.M.E. for the term 1933-1934, 
was born in Hoboken, N.J.. on May 30, 1869, the son of Wil- 
liam Henry Harrison and Anna (Langevin) Doty and a descen- 
dant of Edward Doty, a Pilgrim passenger in the Mayflower. 
Upon being graduated from the Stevens Institute of Technology 
in 1888 with a mechanical engineering degree, he entered the 
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gas industry, with which he was identified the greater part of 
his life, and to which he contributed many improvements in 
equipment and operating methods. 

His first employment, in 1888, was with Alexander Crombie 
Humphreys, then superintendent and chief engineer of The 
United Gas Improvement Company. After serving as cadet 
engineer of the company at Philadelphia, Pa., he was assistant 
engineer at the Paterson and Jersey City (N.J.) gas works and 
assistant superintendent at the former works. 

From 1895 to 1898 Colonel Doty was general manager of the 
Consolidated Gas Company of New Jersey, Long Branch, N.J. 
In 1898 he was appointed the personal representative of the 
president of the company, Emerson McMillin, in connection with 
the reorganization of the Buffalo (N.Y.) gas companies, and he 
continued to serve with MeMillin public utility companies for 
many years. 

Upon the completion of the Buffalo assignment he took a 
position as secretary, treasurer, and general manager of the 
Grand Rapids (Mich.) Gas Light Company, with which he 
remained until 1901. While in Grand Rapids he was a director 
of the National City Bank there. From 1901 to 1903 he was 
secretary and general manager of the Detroit (Mich.) City 
Gas Company. While in Michigan he served as president of the 
Michigan Gas Association and he was actively interested in 
establishing the first gas scholarship course at the University 
of Michigan. He also was president of the Detroit Suburban 
Gas Company and of the Wyandotte (Mich.) Gas & Fuel Co. 

In 1903 and 1904 Colonel Doty was vice-president and general 
manager of the Denver (Colo.) Gas & Electric Co. From then 
until the United States entered World War I in 1917 he was 
vice-president and general manager of the St. Paul (Minn.) 
Gas Light Company, the Edison Electric Light & Power Co., 
St. Paul, and the St. Croix Power Company, of Somerset, Wis. 
During part of the same period he held a similar position in 
relation to the South St. Paul Gas & Electric Co. He was 
president of the Union Light, Heat & Power Co., of Fargo, N.D., 
from 1905 to 1910, and for several years was director of the 
Fargo-Moorhead Street Railway Company. He was also presi- 
dent of MeMillin gas and electric companies associations during 
the early 1900’s. 

He was vice-chairman of the international jury of awards 
of the manufacturers’ department of the Louisiana Purchase 
Exposition at St. Louis, Mo., in 1904. He served as alternate 
delegate from the fourth district of Minnesota to the Demo- 
cratic national conventions held in Denver in 1908 and in 
Baltimore, Md., in 1912, and also as delegate to various state 
conventions. 

Doty was commissioned a major in the Reserve Corps of 
Engineers in February, 1917, and when it became evident that 
the operation of cantonments would require men experienced in 
the management of public utilities, he was among those selected 
for the task. He was first assigned to Camp Grant, Illinois, 
86th (Black Hawk) Division, and reported there on October 1. 
His achievements at Camp Grant led to his transfer in April, 
1918, to Washington, D.C., to take charge of the organization, 
personnel, and administration of the utilities for all camps and 
cantonments in the United States. The following September he 
was reassigned to duty with the General Staff Corps, to advise 
and to make recommendations to the Secretary of War on con- 
struction projects for the army, and took up his new duties in 
January, 1919. He was commissioned a lieutenant colonel, 
Corps of Engineers, and subsequently was transferred with that 
rank to the Reserve Corps of Engineers. He alsa served as 
brigadier general, General Staff Corps, Minnesota National 
Guard. 

A resident of St. Paul from 1904 until his death, Colonel 
Doty’s influence was felt there not only in the commercial and 
financial enterprises with which he was connected, but in the 
life of the community as well. He was a past-president of the 
Business League of St. Paul and of the St. Paul Association of 
Commerce and had also served as vice-president and managing 
director of the St. Paul Trust and Savings Bank and as 
advisory engineer to a number of St. Paul financial institutions, 
particularly in the public utilities field. He was a member of 
the local board of managers of the National Conservation Con- 
gress in 1910. 

In May, 1934, Colonel Doty re-entered government service with 
the Home Owners Loan Corporation as regional reconditioning 
supervisor for the States of North and South Carolina, Georgia, 
Florida, and Alabama, with headquarters at Atlanta, Ga. This 
work, continuing into the following year, involved the carrying 
out of the construction program for the corporation. 


Notable engineering work accomplished by Colonel Doty in- 
cluded the design and construction of the gas and electric works 
at Long Branch, Red Bank, and Asbury Park, in New Jersey, 
and the design of Stations A, B, and Delray for the Detroit 
Edison Company. He made a number of contributions to the 
literature on gas technology. 

Colonel Doty was president of the Western Gas Association 
in 1906. He was a member of the American Gas Light Asso- 
ciation and the American Gas Institute, predecessors of the 
American Gas Association, and for many years took an active 
part in their work, serving as an officer and on numerous com- 
mittees. He was a member of the American Institute of Eleec- 
trical Engineers and the Society of American Military Engineers, 
and an honorary member of the University of Minnesota chapter 
of Pi Tau Sigma, mechanical engineering fraternity. He served 
as deputy governor-general of the Society of Mayflower Descen- 
dants in Michigan in 1905 and for some years was governor of 
the Minnesota Society of Colonial Wars. 

Colonel Doty’s presidency of the A.S.M.E. in 1933-1934 was 
but a part of his service to the Society. His early association 
with Dr. Humphreys, a former president of the A.S.M.E., pro- 
vided the background and the inspiration that gave the Society 
so large a place in his affections and interests. He became a 
junior member in 1891, while still with The United Gas Im- 
provement Company, and was promoted to the member grade in 
1904, while located in Denver. Dr. Humphreys’ name appears 
as one of his sponsors on both his original application and his 
application for promotion. In 1913 Colonel Doty was a member 
of the first executive committee of the Minnesota Section and 
his work for the Society in and through that Section and the 
St. Paul Section (of whose first executive committee he was also 
a member), and the subsequently reorganized Minnesota Sec- 
tion, continued throughout his life. 

His national Society work began in 1924 with his appoint- 
ment to the Committee on Local Sections, of which he was 
chairman in 1928-1929. He was elected a manager of the 
Society for the term 1926-1929, was vice-president from 1929 
to 1931. He was representative of the A.S.M.E. on the American 
Engineering Council from 1932 to 1938, and chairman of the 
delegates in 1933-1934, and was a member of the Council's Com- 
mittee on Engineers and Employment. He came to the presi- 
dency in 1933 at a time when his long experience in financial 
and administrative matters were of particular value to the 
Society. The conditions which confronted his administration 
were indeed disheartening. During the years of the depression, 
expenses had been outrunning income, in spite of vigorous at- 
tempts to control the situation. Investments failed to yield 
their normal returns and in some cases became practically 
worthless. Distressing unemployment greatly reduced the mem- 
bership roll and decreased expected income from dues. Every- 
one was in a discouraged and critical frame of mind. Budgets 
would not balance. Activities, gaged to the brisk pace of pros- 
perous days, could not be curtailed as rapidly as income dimin- 
ished. Upon Colonel Doty fell the burden of lightening. sai! 
and heaving to in the face of an economic hurricane. He met 
the challenge of the time realistically, and impressed upon the 
officers and the Council the wisdom and necessity of adhering 
to sound and conservative financial policies in their manage- 
ment of Society affairs. He continually emphasized the im- 
portance of administering the Society’s financial concerns with 
the same acumen that would be exercised by any well-managed 
commercial enterprise. 

In his address on “The Engineer and Recovery—The Challenge 
to the Mechanical Engineer” (Trans. A.S.M.E., 1934), at the 
conclusion of his term of office, Colonel Doty summarized prog- 
ress in a number of fields of engineering and the Society’s part 
in a rational program for national recovery. 

Subsequent to his presidency Colonel Doty was a member of 
special committees on a Bond Issue (Certificates of Indebted- 
ness), 1934-1935, and Publie Affairs, 1935-1936. He was elected 
a Fellow of the Society in 1936. 

Colonel Doty was the first registered engineer in the State 
of Minnesota and from the time of its organization in 1921 until 
1938 served continuously as chairman of the Minnesota State 
Board of Registration for Architects, Engineers, and Land 
Surveyors. In 1927 he was made president of the National 
Council of State Boards of Engineering Examiners, thus widely 
extending his influence. He also advanced the cause as a mem- 
ber of the A.S.M.E. Special Committee on Registration of 
Engineers, from 1932 to 1935. 

His death came suddenly, on December 3, 1938, in his seven- 
tieth year. He was survived by his second wife, Mary (Reddy) 
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Doty, whom he married in 1913, and by a daughter, Diana 
(Mrs. Edward Cummings). His first marriage was in 1892 to 
Theodosia Stiles, of Chicago. 


FRANCIS LeBRUN DuBOSQUE (1864-1940) 


Francis LeBrun DuBosque died at his winter home at Miami 
Beach, Fla., on April 13, 1940. His summer home was at Great 
Neck, L.I., N.Y., of which town he was once mayor. 

He was born in Philadelphia, Pa., on January 25, 1864, son 
of Francis Prosper and Virginia E. (Longmire) DuBosque. 
He attended Philadelphia public schools and at the age of 
fourteen began a shipbuilding apprenticeship at the League Island 
(Pa.) Navy Yard. He continued with the Bureau of Construc- 
tion and Repair of the U.S. Navy Department until 1889, serv- 
ing as draftsman and inspector at Roach’s Shipyard, Chester, 
Pa., during the construction of several ships. 

From 1889 to 1891 he laid out and installed tools and machinery 
and managed the Crescent Shipyard for L. L. Moore & Sons 
at Elizabethport, N.J. He then joined the Pennsylvania Rail- 
road, working first in the Jersey City office as draftsman, and 
later as assistant engineer of floating equipment at both Jersey 
City and New York, N.Y. In 1917 he became superintendent of 
floating equipment for the same road, in charge of the design and 
maintenance of all floating equipment and mechanical facilities 
for handling freight and loading of boats. This position he held 
until his retirement in 1930, due to poor health. 

An obituary published by the Society of Naval Architects and 
Marine Engineers, of which he was an honorary vice-president, 
in its Transactions, vol. 48, 1940, page 386, includes the fol- 
lowing statement concerning his work: 

“He was the first to design steel harbor boats, designing a 
steel ferryboat for the railroad company. At the time of the 
disastrous fire aboard the wooden excursion boat General Slocum 
at the cost of one thousand lives, Mr. DuBosque was experi- 
menting with several other steel vessels but thereafter he de- 
signed and superintended the construction of some three hundred 
steel car floats, tugs, and other craft. In 1907 he built a 
passenger vessel entirely of non-combustible material, part of 
which was asbestos.” 

Mr. DuBosque had been a member of the A.S.M.E. since 1892. 
He also belonged to The Franklin Institute, American Society of 
Naval Engineers, and the Engineers’ Club, New York. 

Mr. DuBosque married twice. His first wife was Adele Hen- 
derson Clarke, of Great Neck, whom he married in 1915. He 
married Ella Holland, of New York, in 1926. 


GEORGE FREDERICK ELLIOTT (1892-1940) 


George Frederick Elliott was born in Chicago, IIL, on July 14, 
1892, son of William Swann and Anna (Leyden) Elliott. He 
attended the Shadyside and Bellefonte academies and The Penn- 
sylvania State College, from which he received his B.S. degree in 
mechanical engineering in 1915. In the following year he did 
postgraduate work at Cornell University, securing an M.E. de- 
gree in 1916. During his summer vacations, while at college, he 
was employed in the machine shop and drafting room of the 
Elliott Company, Jeannette, Pa. After graduation he continued 
with the company as assistant works manager; he also conducted 
tests of various apparatus manufactured by the company. 

From 1917 to 1919 Mr. Elliott served in the army, in the 
Motor and Artillery, Repair Section of the Ordnance Depart- 
ment. After his discharge, with the rank of second lieutenant, 
he returned to the Elliott Company, where he secured experience 
in the introduction of a new production system. Subsequently 
he was sales engineer for the company, working out of Chicago; 
assistant to the general manager; and manager of the Accessories 
Department, in charge of both the improvement and the market- 
ing of the products handled by that department. He became 
Vice-president of the company in 1930, was president from 1935 
to 1938, and served as chairman of the board of directors from 
then until his death on January 22, 1940. 

Mr. Elliott became a junior member of the A.S.M.E. in 1917 

and transferred to the member grade in 1925. He had been a 
member of the board of governors of the National Electrical 
Manufacturers Association and was a member of a number of 
clubs and the Delta Tau Delta fraternity. 
_ His first wife, Marguerite (Lytle) Elliott, whom he married 
in 1921, died in 1930. Ruth (Fisher) Elliott, whom he married 
in 1937, survived him, as did five children: George Frederick, 
Jr., Ann Louise Webber, William E., John A., and Marguerite; 
also a brother, W. A. Elliott, of Greensburg, Pa. 
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JOHN EDWARD EMSWILER (1880-1940) 


A member of the faculty of the Engineering College of the 
University of Michigan for thirty-four years and chairman of 
its Department of Mechanical Engineering since 1937, John 
Edward Emswiler died at his home in Ann Arbor, Mich., on 
September 23, 1940. An illness of more than a year prior to 
his death had necessitated his taking a leave of absence, and 
being relieved of his university duties. 

Professor Emswiler was born at Lebanon, III., on February 
13, 1880, son of John D. and Hannah (Cooper) Emswiler. He 
attended country schools in Knox County, Ohio, the Martinsburg 
(Ohio) High School, and The Ohio State University, from which 
he received a mechanical engineering degree in 1903. 

Following graduation from college he worked for a time as 
draftsman with the C. & G. Cooper Co., builders of Corliss 
engines, at Mt. Vernon, Ohio, then spent two years, 1904-1906, 
as tester and calculator in the Steam Turbine Testing Depart- 
ment of the General Electric Company, Schenectady, N.Y. He 
returned to the Cooper company to work on engine design dur- 
ing the summer of 1906, prior to taking up his duties at the 
University of Michigan. 

Beginning as an instructor in mechanical engineering, Pro- 
fessor Emswiler advanced through the ranks of assistant pro- 
fessor, 1911-1916, associate professor, 1916-1918, and professor. 
He had also served the university on a number of committees, 
including the standing and executive committees of the Engineer- 
ing College. 

He was well known for his research in ventilation and for 
studies on heat power and steam turbines. He was the author 
of a textbook on “Thermodynamics,” first published in 1921 and 
in its fourth edition at the time of his death. He also con- 
tributed numerous articles to technical periodicals. 

Professor Emswiler became a junior member of the A.S.M.E. 
in 1908 and was transferred to the member grade in 1917. He 
allowed his membership to lapse in 1934 and was reinstated as 
a member in 1938. He was also a member of the American 
Society of Heating and Ventilating Engineers, the Society for 
the Promotion of Engineering Education, and the Detroit Engi- 
neering Society, as well as the Sigma Xi and Phi Kappa Phi 
fraternities. His chief recreational pursuits were golf and rifle 
shooting. 

In 1913 he married Cecile Dixon, of Columbus, Ohio, who, 
with three children, Elizabeth Ann, Margaret, and John Dixon 
Emswiler, survived him. 


(FERGUS) RICHARD FERGUSON (1876-1943) 


(Fergus) Richard Ferguson was born in Lowell, Mass., on 
February 6, 1876, son of Fergus and Matteline (Long) Ferguson. 
In 1915, when he was elected a member of the A.S.M.E., he sub- 
mitted a record of his engineering work, beginning in 1900 with 
the Solvay Process Company, at Detroit, Mich. His duties there 
consisted of erecting machinery, and building and repairing steam 
engines and pumps. From 1902 to 1905 he was employed by the 
N. M. Watson Company, Detroit, in charge of building and 
designing special machinery. Then he went to Rochester, N-.Y., 
as factory manager of the F. A. Brownell Company, manufac- 
turers of gas engines. He returned to Detroit the following year, 
1906, and for six years was connected with the General Motors 
Company there and at Flint, Mich., assisting in designing tools 
and machinery for manufacturing automobile parts; he also 
instructed departments in their use and the development of 
production. 

From 1912 until 1922, when it was dissolved, Mr. Ferguson 
was associated with the Grant-Lees Gear Company, of Cleveland, 
Ohio. Beginning as engineer in charge of designing fixtures, 
tools, etc., he was promoted through several positions to that of 
manager of the company and had become its president. In 1924 
he went to Gastonia, N.C., where he organized the Ferguson 
Gear Company, of which he was president. 

Mr. Ferguson allowed his membership in the A.S.M.E. to lapse 
in 1924, but in 1942 was reinstated as of the original date of 
1915. He was also a member of the American Gear Manufac- 
turers Association, a Shriner, and a veteran of the Spanish- 
American War. 

Surviving him were his widow, the former Beatrice Butler, a 
native of Harmony, N.C., whom he married in 1933, and three 
daughters and one son: Mrs. Charles E. Stine. and June 
Ferguson, of Gastonia, and Mrs. Charles K. Hurd and Richard 
Ferguson, Jr., of Cleveland. He was also survived by a brother, 
William K. Ferguson, of Chicago, Ill., a sister, Mrs. H. Lyle 
Hennigar, of Detroit, and three grandchildren. His death 


3 
~ 
Fal 
BR 
~ 
| 
| 
| 
| 
=a 
- 


RI-62 


occurred on October 16, 1943, at his home in Gastonia, after a 
long illness. 


DAVID PORTER FIELD (1895-1941) 


David Porter Field died of a coronary thrombosis on August 7, 
1941, while engaged in special work in metallurgy at the Massa- 
chusetts Institute of Technology. He had been in poor health, 
hospitalized much of the time, since 1928, as the result of having 
been gassed while in service in France during World War I. 
He was with the field artillery from May 5, 1917, to April 29, 
1919. He was survived by his widow, Beatrice (Schoenfield) 
Field, whom he married in August, 1917. 

Mr. Field was born at Chelmsford, Mass., on July 27, 1895, son 
of Charles Wheelock and Mary Ann (Pettengill) Field. He 
secured his early education at the Somerville (Mass.) High 
School and Berkeley Preparatory School and was graduated from 
the Massachusetts Institute of Technology in 1923 with an 
S.B. degree. 

A student-associate of the A.S.M.E. while in college, he was 
elected a junior member of the Society in 1924. He also belonged 
to the masonic fraternity. 

Prior to volunteering in the army, Mr. Field spent some time 
in Boston, Mass., with John Hetherington & Sons, in connection 
with textile machinery, and in Springfield, Vt., to learn about 
the machine-tool industry. As a student at M.I.T. he did some 
work for the Wright Aeronautical Corporation, Paterson, N.J., 
and the Carr Fastener Company, Cambridge, Mass. Following 
his graduation he was employed by the Edison Electric Huminat- 
ing Company, Boston, and Warren Telechron Company, Ashland, 
Mass., and he was engaged in consulting work when taken ill 
in 1928. 


BERTRAM PIERPONT FLINT (1865-1942) 

Bertram Pierpont Flint was born at Roxbury, Boston, Mass., 
on July 3, 1865. He prepared for college at the Roxbury Latin 
School and was graduated from the Massachusetts Institute of 
Technology in 1888 with an S8S.B. degree in’ mechanical 
engineering. 

Following his graduation he became engineer of tests at the 
Pencoyd Iron Works, Philadelphia, Pa. After four years there 
he became associated with Charles H. Davis, civil engineer of 
New York, N.Y., in powerhouse design and construction. He 
was engineer in charge of the construction of the Washington, 
Alexandria & Mt. Vernon Electric Railway and in June, 1895, 
took the position of chief engineer of that line. He left there 
in July, 1896, to enter upon sales work for the Blake & Knowles 
Pump Co., with headquarters in New York. In August, 1904, 
he took a similar position with the McIntosh & Seymour Corp., 
for which he subsequently became New York manager. He 
retired from business in 1930. 

Mr. Flint suffered a serious stroke in the spring of 1936 and 
died on May 16, 1942, in Marion, Mass., where he had resided 
since leaving Montclair, N.J., in 1940. 

He had been a member of the A.S.M.E. since 1894. 


JOHN RISON FORDYCE (1869-1939) 


John Rison Fordyce, consulting engineer, Hot Springs, Ark., 
died on June 9, 1939, at the Hot Springs Army and Navy General 
Hospital, to which he was admitted on May 26 after being taken 
suddenly ill in Little Rock, Ark., where he resided. 

Colonel Fordyce was born at Huntsville, Ala., on November 7, 
1869, son of Samuel W. and Susan (Chadick) Fordyce. His 
parents moved to Arkansas when he was very young. His early 
education was obtained in the Hot Springs schools and the St. 
Louis (Mo.) Manual Training School. He was graduated from 
the School of Engineering, Washington University, St. Louis, in 
1892, with the degree of Engineer of Mines. 

During the next few years he was, first, in charge of a mill at 
the Eureka and Excelsior Mine at Baker City, Ore., and then 
constructing engineer for the Hot Springs Electric Street Rail- 
way. He attended the Harvard University Graduate School, 
specializing in higher mathematics and electricity, in 1893-1894. 

After participating in an Arctic expedition in the summer of 
1894 he engaged in original work designing and experimenting 
with a roller cotton compress and in 1895 became superintendent 
of the Thomas Manufacturing Company, Little Rock. In 1897 
he was in charge of the erection of a plant for manufacturing 
cottonseed oil and ginning cotton for the Pine Bluff (Ark.) 
Cotton Oil Company, of which he was treasurer and manager 
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until 1900. He then spent three years with the Little Rock Gin 
& Machinery Co., as mechanical engineer and draftsman, and 
subsequently was vice-president and manager of the Thomas- 
Fordyce Manufacturing Company, Little Rock, for five years. He 
vas chief engineer of the Atlantic Compress Company, Atlanta, 
Ga., and of the Gulf Compress Company, Memphis, Tenn., be- 
tween 1907 and 1909, when he returned to Little Rock to become 
president of the Thomas-Fordyce Manufacturing Company. 

His company was engaged in the manufacture of cotton-ginning 
machinery, castings, and special machinery, and through the in- 
ventions in these lines perfected by Colonel Fordyce, he was 
instrumental in developing the business and contributing to its 
success. Among these inventions were a press for making round 
bales of cotton, a cotton feeder for extracting hulls, leaf trash, 
and dirt from seed cotton, and a cotton gin that differed from 
that of Eli Whitney in that the cotton was stripped from the 
ginning saws by revolving disks instead of fixed ribs. This 
device increased the speed of ginning, decreased the power 
required, and did not injure the cotton fiber. He also developed 
a system which drew the cotton from the saws by air suction 
instead of the old method of brushing it off with revolving bristle 
brushes. Another of his inventions was a cotton trolley used for 
handling bales in compresses. This trolley system was installed 
on the docks at Texas City, Texas, for the unloading and con- 
veying of freight from ships. In addition to the many cotton 
compresses built by him while chief engineer for the Atlantic 
and Gulf compress companies, he constructed another at Memphis 
and the Kemper and Moody compresses at Galveston, Texas, and 
rebuilt one at Houston, Texas. 

In 1916 Josephus Daniels, then Secretary of the Navy, ap- 
pointed Fordyce a member of the Naval Consulting Board of 
Arkansas. The following year he was commissioned a major in 
the Corps of Engineers. He was detailed to the Construction 
Division and served as construction engineer for the Twelfth 
Division Cantonment at Little Rock (later named Camp Pike 
and more recently Camp Robinson). He also built the St. Louis 
clothing warehouse for the Quartermaster Corps. He was ter- 
minal engineer for the Mississippi Warrior Barge Service from 
September, 1918, until the time of his discharge from the army 
in 1919, and originated the floating transfer terminal for trans- 
ferring freight between barges and railway ears or trucks. 

While in the army Colonel Fordyce invented a method of 
firing the Lewis machine gun from the shoulder as the oper- 
ator advanced on the enemy. The method was adopted by the 
army and was taught at the machine gun school at Camp Han- 
cock. Prior to the development of the tank, he predicted the 
use of the caterpillar tractor as a means of moving small cannon 
and rapid-fire guns. 

He had advanced to the rank of colonel in the Engineers Re- 
serve Corps prior to his retirement. 

He had held the rank of brigadier general in the Arkansas 
National Guard and served as chairman of the Camp Pike 
Honorary Commission which financed and built the National 
Guard Camp at Camp Pike. He also served on the Tri-State 
Flood Control Commission (Arkansas, Louisiana, and Missis- 
sippi), and originated the flexible asphaltic revetment plan 
adopted by the Mississippi River Commission. 

During his years of consulting work following the war Colonel 
Fordyce built four modern bathhouses at Hot Springs for the 
Department of the Interior. He was associate engineer in the 
construction of the Remmel dam of the Arkansas Power & 
Light Co. 

Colonel Fordyce was appointed chief engineer (1932) and 
chairman (1933) of the State Highway Audit Commission, 
Arkansas, and he made a study of the history and transportation 
development of the Southwestern United States, especially the 
lines of trade routes used by the Indians, then followed succes- 
sively by the explorers, the American settlers, and the railways. 

Thirty-five years of study of the life and travels of Hernando 
DeSoto led to the appointment of Colonel Fordyce to the DeSoto 
Expedition Commission in 1935. He was credited with establish- 
ing the accepted route followed by the explorer from Tampa, 
Fla., to Arkansas. He also assisted the Arkansas Centennial 
Commission in planning pageants and other celebrations featur- 
ing the DeSoto expedition. 

In 1934 Colonel Fordyce was named state supervisor of the 
Reconditioning Division of the Home Owners Loan Corporation. 

Colonel Fordyce had been a member of the A.S.M.E. since 
1899. He had also belonged to the American Society of Civil 
Engineers, American Institute of Mining and Metallurgical Engi- 
neers, Society of Terminal Engineers, American Railway Engi- 
neering Association, The Society of American Military Engineers, 
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the Military Societies of the Loyal Legion, the American Legion, 
St. Louis Academy of Science, Missouri State Academy of 
Science, Arkansas History Commission, and Arkansas Engineer- 
ing Society. He was president of the Little Rock Engineers’ 
Club in 1938, a charter member of the Harvard Engineering 
Society, and a Scottish Rite Mason. 

Colonel Fordyce married Lillian Augusta Powell, of Little 
Rock, in 1898, and was survived by her and four sons, Samuel W., 
ILI, Clifton Powell, John R., Jr., and Edward Winfield Fordyce. 


HOWARD L. FOSHEE, JR. (1918-1940) 


Howard L. Foshee, Jr.. was born at Clanton. Ala.. on Sep- 
tember 30, 1918, son of Howard LaVert and Mary Della (Daniel) 
Foshee. He prepared for college at the Sidney Lanier High 
School and was graduated from the Alabama Polytechnic Insti- 
tute in May, 1940, with the degree of B.S. in mechanical en- 
gineering. 

He was engaged as a special apprentice by the New York 
Central Railroad, Albany, N.Y., on September 9, 1940. He 
had been in this position a little over a month when he was 
killed in a motoreyele accident near Cold Springs. N.Y., on 
October 27, 1940. 

Mr. Foshee was a student member of the A.S.M.F. at the 
Alabama Polytechnic Institute and transferred to junior mem- 
bership in the Society in the spring of 1940. 


MERRITT LIDDLE FOX (1881-1941) 


Merritt Liddle Fox, research engineer at the General Motors 
Proving Grounds, Milford, Mich., suffered a heart attack while 
swimming and was drowned on July 9, 1941. 

Mr. Fox was born at Cedar Rapids, Towa, on March 20. 1881, 
son of Charles J. and Grace Merritt (Liddle) Fox. After a 
vear at Coe College, Cedar Rapids, he entered Cornell Uni- 
versity, where he received a degree in mechanical engineering 
in 1904. Postgraduate study brought him a certificate in elee- 
trical engineering. 

For about four years after his graduation Mr. Fox was con- 
nected with Westinghouse, Church, Kerr & Co. During this 
time he served as assistant superintendent of construction for 
the Hartford (Conn.) Electrie Light Company, resident engineer 
at the Erie Shops at Hornell, N.Y.. and superintendent of 
construction for the General Railway Signal Company, Rochester, 
N.Y. He remained in Rochester from 1908 to 1914, engaged in 
plant layout and construction for the Eastman Kodak Company. 
He then returned to Cedar Rapids to serve as engineer on the 
River Front Improvement Commission, after which he carried 
on a consulting practice in connection with architects and con- 
tractors there. 

In 1920 Mr. Fox became assistant professor of mechanical 
engineering at the State University of Towa, Towa City, teaching 
power plant engineering, heating and ventilating engineering, 
and machine design. He left this position in 1928 to take charge 
of the Experimental Department of the Houde Engineering 
Corporation, Buffalo, N.Y. He worked on improvements and 
additions to a gyroscopic mechanism for measuring the velo- 
city of movement affecting the ride of an automobile, which he 
had developed earlier, and it was used generally to improve the 
riding quality of automobiles manufactured at that time. He 
made improvements in the shock absorbers being manufactured 
by the Houde company ‘and invented new devices. A number of 
patents on shock absorbers and remote control devices for them 
were issued to him during these years. 

Mr. Fox had been associated with the General Motors Corpora- 
tion since December, 1932. He had a keen, analytical mind 
and the ability to make clear his concepts to others. His interests 
were many, including the sciences of physics, chemistry, mathe- 
matics, and engineering. 

He became a member of the A.S.M.E. in 1929, and had served 
on the Detroit Section Executive Committee since 1939. At the 
time of his death he was also chairman of the Detroit Section’s 
Committee on Vocational and Professional Guidance and as a 
member of the Detroit Engineering Society was serving on 
that group’s General Committee on Vocational Guidance. He 
was for some years a member of the Society of Automotive 
Engineers and contributed to the programs of its Riding Com- 
fort Research Committee from 1930 to 1937. Papers by him on 
The Relation of Riding-Quality to Angular Car-Acceleration” 
and “Gyro-Accelerometer Analysis of Riding-Quality” were pub- 
lished by that society in 1929. He was also active in the work of 
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the Highway Research Board of the National Research Council 
and in the National Safety Council. He was a 32nd degree 
Mason and a Shriner. 

Mr. Fox married Evelyn Berger, of Ithaca, N.Y., in 1905, and 
was survived by her and two sons, Charles H. and Dr. John 


H. Fox. 


BENJAMIN ALVEY 


Benjamin Alvey Franklin, industrial engineer, 
home in Springfield, Mass.. on June 16, 1940. 
Virginia on October 15, 1869, son of Benjamin Alvey and 
Placidia Hudnell (Cralle) Franklin. He prepared for college 
at the McDonogh School. near Baltimore, Md., and was a student 
at the Johns Hopkins University from 1887 to 1889, studying 
mathematics and physics. From then until 1902 he was em- 
ployed successively as clerk, foreman, and assistant superinten- 
dent of the Steel Casting Department of the Midvale Steel 
Company, Philadelphia, Pa.. under Henry L. Gantt during the 
early part of the time. The next two years were spent with 
the U.S. Steel Company, Boston, Mass., in charge of the produc- 
tion of steel parts, mostly castings. 

In 1904 he organized the Miller, Franklin & Co., New York, 
N.Y., efficiency engineers, and was its treasurer until September, 
1909, when he became connected with the Mittineague and 
Woronoco paper companies as director. When these companies 
were consolidated in 1911 under the name of the Strathmore 
Paper Company, Springfield, Mass., he was elected vice-presi- 
dent. He was with the company until 1932, when he went into 
private practice as an industrial engineer and business counsel. 

During World War I he rose from the rank of major to that 
of colonel in the Ordnance Department, U.S.A. He served as 
chief of the Bridgeport (Conn.) Ordnance District. 
1919 received the Distinguished Service Medal. 

He was the author of several books. among them “Cost Reports 
for Executives as a Means of Plant Control.” 1913; “Experi- 
ences in Efficiency.” 1915; “The Industrial Executive.” 1926: 
and “Banners in the Wind,” 1939, a collection of articles which 
originally appeared in the “Strathmorean.” 

Colonel Franklin became a member of the A.S.M.E. in 1913 
and also belonged to the American Association for the Advance- 
ment of Science, National Association of Cost Accountants, 
American Management Association, Society for the Advance- 
ment of Management, Inc., International Management Institute, 
American Association of Advertising Management. Associated 
Industries of Massachusetts, of which he was a past-president. 
and a number of associations in the paper industry. He had 
been chairman of the board of the Perkins Machine & Gear Co., 
Springfield, chairman of the board of trustees of the American 
Youth Council, Ine., secretary of the Specialty Paper and 
Board Affiliates, president of the Springfield Y.M.C.A., and 
trustee and chairman of the excutive committee of the Interna- 
tional Y.M.C.A. College, which in 1924 conferred an honorary 
master humanics degree upon him. 

He married Jeannette Elizabeth Haslett, of Brighton, Eng- 
land, in 1896. Her death followed his by only a few months, 
occurring on November 1, 1940. They are survived by a son, 
Paul Lawrence. Another son, Benjamin Alvey Franklin, Jr., 
predeceased them. 


FRANKLIN (1869-1940) 


died at his 
He was born in 
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CURT FREYSCHMIDT (1873-1940) 


Curt Freyschmidt was born in Danzig, Germany. on Novem- 
ber 13, 1873, and was educated in that country. After coming 
to the United States he was employed as machinist and engineer 
of ocean-going steamers from 1890 to 1908, when he received his 
license as chief engineer. 

In 1918 he was employed by the U.S. Shipping Board Emer- 
gency Fleet Corporation as inspector of marine engines at 
Hewes & Phillips, Newark, N.J.. and the Badenhausen Com- 
pany at Bound Brook, N.J., and Cornwells, Pa. Five years later 
he was transferred to Jones Point, N.Y., as fleet engineer of 
the Board’s Laid-up Fleet, to supervise maintenance. 

He left the employ of the Board in 1927 to become chief 
engineer of the Hotel Majestic, New York, N.Y., and continued 
in that position until 1930, when he became superintendent of 
the H. R. H. Management Corp., New York. He was with this 
organization at the time of his death on February 19, 1940. 

Mr. Freyschmidt was elected an associate of the A.S.M.E. in 
1919 and was transferred to the grade of member in 1929. He 
also belonged to The Society of American Military Engineers. 
He became a naturalized citizen of the United States in 1904. 
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ALFRED WILLIAM GIACOMINI (1918-1942) 


Alfred William Giacomini, first lieutenant, a fighter pilot in 
the Air Corps, U.S. Army, who enlisted in the fall of 1940, was 
killed in overseas service on June 29, 1942. 

Lieutenant Giacomini was born at Sterling, Colo., on January 
11, 1918, son of Thomas R. and Jane (Tam) Giacomini. He was 
graduated from the Sterling High School in 1936 and from the 
University of Colorado in 1940, with a B.S. degree in mechanical 
engineering. 

A student member of the A.S.M.E. while at the university, 
Lieutenant Giacomini was transferred to the grade of junior 
in 1941. 


GEORGE HERBERT GIBSON (1876-1943) 


George Herbert Gibson, who died on July 28, 1943, at his home 
in Montclair, N.J., where he had lived for thirty-five years, was 
born in Wayne County, Michigan, on March 29, 1876, son of 
George and Catherine (Speyrer) Gibson. He attended the North- 
ville (Mich.) High School and the University of Michigan, re- 
ceiving the degree of B.S. in electrical engineering in 1899. Dur- 
ing the summer of that year he secured shop experience with the 
Westinghouse Electric & Manufacturing Co., Pittsburgh, Pa. 
He left there to become assistant editor of Engineering News, in 
New York, where he remained until 1901, when he was engaged 


as editor, Westinghouse Companies’ Publishing Department. For _ 


a time in 1903 he was advertising manager for the B. F. Sturte- 
vant Co., Boston, Mass., and next he became manager of publicity 
for the International Steam Pump Company, New York (now 
the Worthington Pump & Machinery Corp.). 

In 1905 he formed the Geo. H. Gibson Company, New York, 
which served both as a consulting engineering firm and as an 
industrial advertising agency engaged in the development and 
promotion of technical businesses. During his work as proprietor 
of the company he became widely known as a writer on technical 
and engineering subjects, and as an inventor. 

More than one hundred patents were taken out by Mr. Gibson. 
Among the more important were those relating to automatic 
combustion control. The principles and methods conceived in 
his early inventions for automatic, metered combustion control 
became widely applied and highly essential to the operation of 
modern high-pressure, high-rating steam-power plants. This sys- 
tem was initiated with the Leeds & Northrup Co., Philadelphia, 
for whom he also helped develop, among other things, the 
micromax potentiometer recorder. 

His inventive work in association with the Cochrane Corpora- 
tion, Philadelphia, was also notable. These inventions include 
the metering feedwater heater (combined open feedwater heater 
and meter), deaerating feedwater heater, V-notch recorder, 
chemical proportioner, and non-silite filter. The “BSCO” primary 
battery, “Hi-Speed” fan, and conical flow fan are among his 
other achievements. He was cited as a “modern pioneer” by the 
National Association of Manufacturers in 1940 for his many 
inventions of importance. 

Mr. Gibson became a junior member of the A.S.M.E. in 1900, 
transferred to the grade of associate in 1907, and to the member 
grade in 1914. He was also a member of the United States Power 
Squadron, the Navigators’ Club of New York, the Northport, 
L.I., Yacht Club, and the Germantown Cricket Club, Phila- 
delphia, Pa. 

He married Anna Jackson of Chicago, Ill., in 1901 and was 
survived by her and by a daughter, Mary Elizabeth, and three 
sons, George, Luis, and Augustus Gibson. 


DAVID GUELBAUM (1857-1937) 


David Guelbaum, who engaged in engineering design and 
mathematical work in Syracuse, N.Y., for many years, died on 
May 3, 1937, after some years of ill health following an auto- 
mobile accident. He was survived by a son. His wife pre- 
deceased him. 

Mr. Guelbaum, born in November, 1857, was graduated from 
the Institute of Technology at St. Petersburg, Russia, in 1887, 
and during the next four years was engaged in manufacturing 
with companies in Russia and Scotland, and publishing work in 
England. He came to the United States in 1891 and for nearly 
twenty years was connected with the Solvay Process Company, 
Syracuse, as a draftsman, before opening his own office for the 
practice of mechanical engineering consulting work. 

Mr. Guelbaum became a junior member of the A.S.M.E. in 
1894 and a member in 1905.—[Biography compiled from best 
obtainable information, not all of which could be verified.] 


JAMES HAMILTON (1866-1943) 


James Hamilton, who practiced as a patent lawyer in Boston, 
Mass., New York, N.Y., and Washington, D.C., for many years, 
died at his home in Washington on August 30, 1943. He was sur- 
vived by his widow, Gertrude (Livingston) Hamilton, whom he 
married in 1902, a sister, Miss Margaret Hamilton, and a brother, 
Lt. Albert Hamilton, U.S. Marine Corps, Retired, all of Wash- 
ington. 

Mr. Hamilton was born in Ireland on November 5, 1866, son 
of Alexander and Margaret (McKew) Hamilton. He was brought 
to the United States as a boy, and was graduated from high 
school in Holyoke, Mass., in 1882. He entered the U.S. Military 
Academy at West Point in 1886 and following his graduation in 
1890 served in the artillery until 1898, being promoted to second 
lieutenant in 1891. He was trained in torpedo and submarine 
mining at the U.S. Engineer School, Willets Point, N.Y., in 
1893-1894, and awarded a diploma of proficiency. 

Mr. Hamilton took a special course in chemistry under Prof. 
Charles E. Monroe, of Columbia University, in 1894-1895, and 
during the following school year, while on leave of absence from 
the army because of poor health, attended Sibley College, Cornel! 
University, as a special student in mechanical engineering. In 
1901 the university gave him the degree of mechanical engineer 
with an electrical engineering option. He was retired from the 
army, with the rank of first lieutenant, early in 1898 because of 
disability contracted in line of duty. In 1937, under the pro- 
visions of an Act of Congress approved in that year, the U.S. 
Military Academy awarded him the degree of Bachelor of Science 
retroactively by certificate. 

In June, 1898, Mr. Hamilton secured the degree of LL.B. from 
the Law School of Boston University, and he returned there to 
lecture in patent law, 1899-1901. He practiced law, specializing 
in patent work, in Boston for about five years, then went to 
Washington. The establishment of an office in New York soon 
followed, and for some years he devoted himself to work in that 
city, residing in East Orange, N.J. He returned to Washington 
to take up residence and pratice in 1920. He had been admitted 
to practice before the Supreme Court. 

Mr. Hamilton held a patent in connection with the Welsbach 
burner. He had been a member of the A.S.M.E. since 1898 and 
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GEORGE WILLIAM HAMMERSMITH (1914-1942) 


George William Hammersmith, first lieutenant, 450th Ordnance 
Company, Aviation, U.S. Army, was killed in Australia on 
August 16, 1942, when an airplane in which he was testing and 
timing flares crashed and burned. The cause of the accident 
was unknown. 

Lieutenant Hammersmith was born in Buffalo, N.Y., on May 
14, 1914, son of George William and Marie A. (Senft) Hammer- 
smith. He was graduated from the South Park High School, 
Buffalo, and received a B.S.E. (M.E.) degree from the University 
of Michigan in 1938. He received a Cornelius Donovan Scholar- 
ship in the School of Engineering at the university in 1936, and 
was elected to membership in the Scalp and Blade fraternal 
organization. 

Following his graduation, he was student engineer for a year 
with the Babcock & Wilcox Co., and subsequently was employed 
as service manager in Detroit and in Iowa until called into 
service in April, 1941. He had been a member of the Reserve 
Officers Training Corps while at college and entered service with 
the rank of second lieutenant. 

Lieutenant Hammersmith was survived by his parents, a sister, 
Jean (Hammersmith) Wright, and his widow, Margaret (Brook) 
Hammersmith, whom he married in January, 1942, while sta- 
tioned at the New Orleans Air Base. 

A student member of the A.S.M.E. while attending the Uni- 
versity of Michigan, he transferred to the grade of junior mem- 
ber following his graduation in 1938. 


GEORGE FREDERICK HIGGINS (1862-1938) 


George Frederick Higgins, who became a junior member of 
the A.S.M.E. in 1886 and a member in 1906, was a native of 
New Hampshire. He was born in Manchester on June 8, 1862, 
son of Freeman and Mary Wilson (Dennett) Higgins. His 
higher education was gained at the Manchester High School 
and the Worcester Polytechnic Institute, from which he received 
the degree of B.S. in 1885. After graduation he became an 
apprentice at the machine shops of the Amoskeag Manufacturing 
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Company, Manchester. Here, from 1885 to 1889, he worked on 
mill construction, engine and boiler design, and water power 
installations. 

In 1889 he was engaged as mechanical expert in the Nibbs 
patent valve suit versus the City of New York, and during the 
next five years he practiced as consulting and contracting 
engineer. From 1895 to 1900 he was consulting engineer and 
treasurer of the Allen-Higgins Paper Company, designing and 
installing their entire plant. 

After another period of consulting work Mr. Higgins became 
treasurer of the Gem Manufacturing Company, Chelsea, Boston, 
Mass., and later was president of this company and its successors, 
the Gem Stamped Steel Company and the Universal Pressed 
Steel Company, ‘'ocated in Everett, Mass., for many years. 
He retired from active participation in business in 1929. 

Mr. Higgins had patented an ash barrel and ash sifter. He 
was a collector of engravings and a member of the Boston 
Rotary Club. 

Mr. Higgins died in Portland, Ore., on September 5, 1938. 
Surviving him were a son and two daughters by his first wife, 
Mary Peabody (Clark) Higgins, whom he married in 1886 and 
who died in 1895. They are Clark Freeman Higgins, of 
Watertown, Mass., Mrs. Sheldon T. Hare, Concord, N.H., and 
Mrs. A. Raymond Calpin, Melrose, Mass. Three sons and a 
daughter by his second wife, Ruth (Allen) Higgins, whom he 
married in 1898 and who died in 1910, also survived him. They 
are R. Whitney Higgins, Worcester, Mass., Harris Allen Hig- 
gins, Portland, and Richard Prince Higgins and Mrs. Glenn 
Miller, Parkdale, Ore. 


DAVID LEAVITT HOUGH (1865-1938) 


David Leavitt Hough, whose death occurred in Amityville, 
N.Y., on October 12, 1938, from pneumonia, was born on April 
27, 1865, in Fort Wayne, Ind. His parents were John Hough, 
a lawyer, and Sarah E. (Dawkins) Hough. Public schooling 
and private tutoring prepared him for the Sheffield Scientific 
School of Yale University, and he was graduated from the 
mechanical engineering course with a Ph.B. degree in 1885. 

His early work was as a machinist and erecting engineer in the 
main shops of the Wabash Railroad at Springfield, Ill., where 
he spent nearly a year. He then secured an appointment under 
instruction with the Southwark Foundry & Machine Co., Phila- 
delphia, Pa., and later worked as a journeyman there. Sub- 
sequently he was engineer in charge of erection with the Manly 
Cooper Manufacturing Company, Philadelphia, which was _ re- 
organized as the Belmont Iron Works, where he was superin- 
tendent of shops until the plant was destroyed by fire in 1888. 

Mr. Hough then entered the employ of the Camden Iron 
Works of R. D. Wood & Co., where he advanced from shipping 
clerk to engineer in charge of the construction of gas works, 
sugarhouses, and other outside work, as well as designer of 
hydraulie and jib cranes and hydraulic machinery in general. 
He left Camden in 1892. The following record of his subsequent 
connections and activities is taken, with slight changes, from 
the Yale University Obituary Record published in January, 1940. 

Chief engineer and general manager, East River Gas Company, 
Long Island City, N.Y., 1892-1895 (designed company’s plant at 
Ravenswood and its distribution system in Manhattan) ; traveled 
in Europe and Northern Africa, 1895; general manager, National 
Contracting Company, New York, 1896-1898; commissioned 
lieutenant, First Regiment, U.S. Volunteer Engineers, June 7, 
1898; served as Regimental Quartermaster, June 14—September, 
1898; commissioned captain, Company F, September, 1898; de- 
tailed January, 1899, as transport quartermaster in charge of 
USS. Manitoba and was engaged in transporting troops to 
Cuba; mustered out of service, January 25, 1899; president and 
organizer, United Engineering & Contracting Co., New York, 
March, 1899 (built Manhattan crosstown tunnels from the East 
River to Pennsylvania Station); became president, New York 
Tunnel Company, 1905; with this company completed construe- 
tion for Interborough Rapid Transit Company of tunnel under 
East River from Battery Park to Brooklyn (the first subaqueous 
tunnel from Manhattan put into operation); president, Cuban 
Engineering & Contracting Co., organized in 1898 to build 
Havana sewer system; managing director, Moscow Central 
Station Company, 1914-1917; in charge of new-business depart- 
ment, and later on special assignments, The Foundation Com- 
pany, New York, 1920-1931; commissioned major, Construction 
Division, Quartermaster Corps, April 17, 1918; transferred, 
May 30, 1918, to Stevedore and Labor Branch to organize, 
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equip, and instruct labor battalions; detailed October 8 as 
Army member, Longshoremen’s War Committee, New York; 
discharged, December 14, 1918, with the rank of lieutenant 
colonel. 

It has been noted in other sources of information regarding 
Mr. Hough that during the first years of World War I he 
was representative in Russia of the American Locomotive Com- 
pany and other organizations, chiefly in the railroad field. 

He contributed various articles to the technical press. 

Mr. Hough became a junior member of the A.S.M.E. in 1891 
and a member the following year. He had been a member of 
the American Society of Civil Engineers for many years and for 
some time belonged to the American Institute of Mining and 
Metallurgical Engineers, as well as to other engineering, mili- 
tary, and social organizations. He served on a committee for 
the development of athletic facilities at Yale University. 

Mr. Hough’s wife, Heloise (Beekman) Hough, whom he 
married in 1903, died in 1936. Two children, Heloise and John, 
survived them. 


BERT HOUGHTON (1867-1939) 


Bert Houghton, retired operating superintendent of the Brook- 
lyn Edison Company, died in Brooklyn Hospital on June 17, 
1939, after an illness of several months. 

Mr. Houghton was born in Pittsfield, Vt., on January 17, 
1867, son of Loren B. and Josephine (Durkee) Houghton. He 
attended the district school of Pittsfield and then entered St. 
Johnsbury Academy in 1884. While at St. Johnsbury, he paid 
his own way, and after his graduation in 1887, in order to 
replenish his funds, he worked for a year for the Washburn 
& Moen Manufacturing Co., Worcester, Mass., before entering 
Cornell University with the Class of 1892. 

On leaving the university, after two years in the mechanical 
engineering course, he went with E. D. Leavitt, consulting en- 
gineer, Cambridgeport, Mass. Here he was employed as a drafts- 
man and inspector. Later, he was assigned to do important 
work for the Calumet & Hecla Mining Co. of Michigan, for the 
City of Boston, and in the cotton and woolen mills of New 
England. In this way he gained knowledge of how big under- 
takings were designed and carried out, and this proved valuable 
later. 

A visit to the Watertown Arsenal, during these early years, 
gave him the idea that guns could be motor-operated. From 
this idea he developed the first motor-operated gun carriage 
for coast defense. This was exhibited in 1893 at the World’s 
Fair in Chicago. He later designed the electric-driven mail- 
cancelling machines now universally used. 

When Boston street cars were beginning to be equipped with 
electric motors he became interested and entered the motor 
department of the General Electric Company, in 1893. He worked 
there for a year and a half, then spent a year with Rawson and 
Morrison, in Cambridge, on coal-handling machinery. 

In 1896 Lockwood, Greene & Co., Boston, mill architects and 
engineers, employed Mr. Houghton to develop steam and electric 
drives in cotton mills for New England and the southern 
states. His knowledge of steam, gained while with Mr. Leavitt, 
and his experience with the General Electric Company, pre- 
pared him for handling these big mill jobs successfully. After 
the completion of this work he was associated for six months 
with the Fiske Holmes Company, Boston, on plans and field 
work for a brick plant. 

About this time, the Boston Electric Light Company pur- 
chased property in South Boston for an electric power plant. 
Some of the directors of this company were mill owners with 
whom Mr. Houghton had come in contact during his work with 
Lockwood, Greene & Co., and he was given the opportunity to 
engineer and build the new station. He drew the plans for this 
station on the unit system. It consisted of six 1700-kw engine- 
driven units, direct-connected generators, and a separate battery 
of boilers for each unit, making a total of 10,200 kw. This was 
one of the largest generating stations at the time, and he was 
severely criticized by the engineering fraternity for taking this 
bold step in design. 

After this station was completed, he was employed by the 
Edison Electric Illuminating Company of Boston to rebuild its 
Atlantic Avenue Station. When the Boston Electric Light 
Company was consolidated with the Edison Company, he was 
given charge of the installation work of a mechanical and 
electrical character, including buildings, coal-handling equip- 
ment, steam plants, wharves, and mechanical detail of great 
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variety. This work called for the building and equipping of 
two large generating stations and forty substations. After 
fifteen years of work for the Boston companies, Mr. Houghton 
was asked to join the staff of the Brooklyn Edison Company as 
assistant operating engineer and assumed his duties there in 
1912. 

His work included not only operating, but rebuilding the 
company’s Gold Street and 66th Street generating stations, 
greatly increasing their capacity by installing new boilers and 
turbine-generator units, raising old boilers, installing stokers, 
ete., and the stations were kept in operation while all the 
changes were being made. 

In 1920 Mr. Houghton was appointed operating superintendent, 
a position which called for the manufacturing and delivery of 
electric power and light to the Borough of Brooklyn, which 
had a population of more than 2,500,000. As a member of the 
design committee for the Hudson Avenue generating station, 
the construction of which was begun in 1922, he was responsible 
for many of its design features, and he was in charge of the 
operation and maintenance of the plant when its first units 
were put into service in May, 1924. He was retired as operating 
superintendent on October 10, 1934. 

In 1893 Mr. Houghton married Kate M. Bossuet. who died in 
1929. He was survived by his daughter, Olive W. (Mrs. John 
J. Feerick), a granddaughter, Kathryn Feerick, and a sister, 
Mrs. Bess Fifield. 

He was the author of many articles on engineering topics 
which were delivered before engineering societies or written 
for engineering papers. During his residence in Massachusetts 
he delivered more than a thousand lectures on mechanical and 
electrical design, speaking often at Harvard University. He 
was a director of the Cornell Associate Alumni for three years, 
a member of the board of governors of the Cornell Club of 
New York for eight years and for four years its treasurer, 
and a member of the board of governors of the Cornell Club 
of New England for three years. He was park commissioner of 
Arlington, Mass., for six years. 

He became a member of the A.S.M.E. in 1914 and had been 
active in its committee work. At the time of his death he was 
honorary chairman of the Special Research Committee on Con- 
denser Tubes and chairman of its Subcommittee No. 1 on 
Questionnaire, and was also representative of the Society on 
the Division of Engineering and Industrial Research of the 
National Research Council. He was also a member of the for- 
mer National Electric Light Association, past-president of the 
Cornell Society of Engineers, active in the masonic order, and a 
member of the governing board of the Fourth Unitarian Church 
of Brooklyn. While at Cornell he was a member of the university 
baseball team and also engaged in minor sports. 

Mr. Houghton always maintained contact with the town of 
his birth, where he kept the old homestead as a summer resi- 
dence, and in later life established a community center and park, 
which he gave to the town. 


WINFIELD SCOTT HUSON (1860-1945) 


On February 16, 1945, only a week before his eighty-fifth 
birthday, Winfield Scott Huson died at the Mitchell Home, in 
Ansonia, Conn. He suffered a heart attack early in 1944 and had 
been confined to the Griffin Hospital in Derby, Conn., and the 
nursing home since that time. 

Mr. Huson was born on February 23, 1860, in New York, N.Y., 
son of William and Maria (Lewis) Huson. His early schooling 
was supplemented by courses in drafting and printing at Cooper 
Union, New York. 

His first work was in the printing industry and the most of 
his life was devoted to it. He served an apprenticeship as a 
machinist with R. Hoe & Co., New York, 1874-1878, and was 
sent to Galveston, Texas, to assist in the erection of web per- 
fecting printing machinery. Upon his return to New York he 
was assigned to the drafting office and remained there until 1882. 
After a brief engagement as draftsman with the American 
Zylonite Company, North Adams, Mass., he took a similar posi- 
tion with the Campbell Printing Press & Manufacturing Co., 
Taunton, Mass. He was put in charge of the general work in 
the company’s drafting office in the fall of 1883, and continued 
with the company as mechanical draftsman and designer until 
1890, when he was made superintendent of the Campbell Press 
Works at Taunton. 

In 1897 Mr. Huson went to Plainfield, N.J., to take the position 
of works manager with the Aluminum Plate & Press Co., but 
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two years later became general superintendent of the Whitlock 
Printing Press Manufacturing Company, Derby, a position which 
he held for about eighteen years. He was responsible for various 
improvements in the presses made by the company, mainly their 
pony presses. During these years he was also active in politics 
in Derby, and in 1914 was a candidate for its mayor. 

Mr. Huson accepted a call to the American Type Founders 
Company, in Jersey City, N.J., in 1917, and for about a year 
served as mechanical engineer in its Press Department. There 
followed a period as consulting engineer in his chosen field, 
leading to a connection in 1923-1924 with the American Assem- 
bling Machine Company, of Croton Falls, N.Y., as factory man- 
ager, and in 1926-1927 he was works manager for the Foote Co.. 
Inc., Nunda, N.Y. Subsequently he and Mrs. Huson were in 
Ansonia with their daughter Edith (Mrs. H. Clifford Anderson) 
until 1930, when he became techno-industrial engineer for the 
Carboloy Co., Inc., New York. 

After that time Mr. Huson restricted his activities to con- 
sulting work and in a few years retired. The Husons resided in 
Brooklyn until 1938, then returned to Ansonia. Mrs. Huson, the 
former Mary Francis Van Ranst, whom he married in 1883, died 
in August of that year, and he felt her loss deeply. He spent the 
remainder of his life in Connecticut, residing with Mrs. Anderson 
as long as his health permitted. Another daughter, Lois (Huson) 
Davidson, died in 1927. He was survived by five grandchildren: 
Mrs. Allen Pond (Madeleine H. Davidson), Mrs. Frederick 
Vaughan (Lois Davidson), Mrs. John Higginson (Marian David- 
son), Mrs. Philip Young (Caroline Anderson), and Miss Cornelia 
Huson; also by three great-grandchildren, Sarah Pond and 
Hilary and Winifred Higginson. 

Mr. Huson became a junior member of the A.S.M.E. in 1887 
and a member in 1891. He was a member of the Executive Com- 
mittee of the Printing Machinery Group from the time of. its 
organization in 1923 until he resigned in 1927, during which 
period it was developed into a Professional Division of the 
Society. From 1929 to 1932 he was chairman of the Division's 
Subcommittee on Progress Report. 

Over a period of some years Mr. and Mrs. Huson were fre- 
quently at the headquarters office of the Society, where Mrs. 
Huson attended meetings of the Woman’s Auxiliary, in whose 
work she was active, and Mr. Huson kept in touch with his many 
friends on the staff and with the activities of the Printing 
Division (now Graphic Arts) and other work of the Society. 
They also attended as many of the Annual Meetings as was 
possible and at the 1937 Annual Dinner the badge of membership 
in the “Fifty-Year” group was presented to him, an emblem 
which he highly prized. He held the 32nd degree in the masonic 
fraternity, to which he had belonged since 1914. 


MILLER REESE HUTCHISON (1876-1944) 


Miller Reese Hutchison, the inventor of many electrical and 
and mechanical appliances, the best known of which are the 
Acousticon for the deaf, the dictograph, and the Klaxon horn, 
died on February 16, 1944, at the New York Athletic Club, 
where he was a resident. 

Mr. Hutchison was born on August 6, 1876, in Montrose, Ala., 
a son of William Peter and Tracie (Magruder) Hutchison. He 
was educated privately in Mobile, at Marion (Ala.) Military 
Institute (1889-1891), Spring Hill (Ala.) College (1891-1892), 
the University Military Institute in Mobile (1892-1895), and 
Alabama Polytechnic Institute, receiving a B.S. degree in elec- 
trical engineering from the last named in 1897. He took a 
special course at Alabama Medical College in 1897-1898. He 
received the E.E. degree from Alabama Polytechnic Institute 
in 1913 and the following year Spring Hill conferred a Ph.D 
degree upon him. 

He started his career as chief electrical engineer of the 
United States Light House Establishment, Seventh and Eighth 
Districts, and during the Spanish-American War was engaged 
in laying submarine mines and cables in the Gulf of Mexico. 

After the war he was assistant electrical engineer for the 
Mobile Light & R.R. Co. for a time, then went to New York 
and established the Hutchison Laboratory, where he worked 
on the practical application of electricity to many modern uses. 
He was president of the Akouphone Company, 1899-1902, vice- 
president, Hutchison Acoustic Company, 1902-1904, president, 
Universal Motor Car Company and Herald Transmitter Com- 
pany, 1904-1906, and president, Hutchison Electric Horn Com- 
pany, 1906-1913. 

Mr. Hutchison held several hundred patents, United States 
and foreign, on his inventions, which in addition to those already 
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mentioned, related to automotive, railway, aeronautical, marine, 
machine-tool, and automatic-machine products, and to telephone, 
telegraph, and burglar-alarm systems. 

In 1910 Mr. Hutchison became associated with Thomas A. 
Edison in special work on storage batteries. Two years later 
he was appointed chief engineer of the Edison Laboratory and 
Thos. A. Edison, Ine., and became the personal representative 
ot Mr. Edison in many of his business interests. At the same 
time he was advertising manager for the Edison Storage Battery 
Company. On January 1, 1917, Mr. Hutchison formed a com- 
pany bearing his name to act as sole distributor of Edison 
batteries throughout the world, but after the United States 
entered World War I he resold the rights to the Edison Com- 
pany to devote his entire time to government service. He was 
a member of the Naval Consulting Board and Volunteer Aide, 
Naval Intelligence. 

Since the war he had operated the Hutchison Laboratory and 
earried on consulting work. He was also technical director of 
the Premier Laboratories, and vice-president of the Bidhamson 
Corporation, 1925-1929, and president of the Rock Asphalt 
Corporation, 1926-1988. He was the author of a number of 
authoritative works on electricity. 

In 1902 Queen Alexandra of Great Britain presented Mr. 
Hutchison with a gold medal for exceptional merit in the field 
of invention. He was a guest the same year at the coronation of 
King Edward VIT and Queen Alexandra in Westminster Abbey. 
It has been said that Mr. Hutchison received the medal from 
Queen Alexandra because of the success of his acoustic appliance 
in aiding her hearing. 

Mark Twain is said to have told Mr. Hutchison, “You invented 
the Klaxon horn to make people deaf, so they’d have to use 
your acoustic devices in order to make them hear again.” 

In 1904 the St. Louis (Louisiana Purchase) Exposition awarded 
to hint a gold medal for the Acousticon and a silver medal for 
his work in connection with the wireless telephone. He was honor- 
ary commander of the Department of Electricity of that Expo- 
sition and a member of the International Engineering Congress 
held at St. Louis at that time. He was also a delegate to the 
San Francisco Congress in 1915. 

Mr. Hutchison was a member of the A.S.M.F. from 1912 until 
his death, except for the year 1934-1935. He had also held 
membership in the American Academy of Political and Social 
Science, American Association for the Advancement of Science, 
American Institute of Electrical Engineers, American Institute 
of Radio Engineers, American Society of Naval Engineers, Na- 
tional Institute of Social Sciences, Navy League of the United 
States, New York Electrical Society, Society of Automotive 
Engineers, National Geographic Society, The Society of American 
Military Engineers, United States Naval Institute, and Optical 
Society of America. He was also a member of the Accademia 
Internazionale di Lettre e Scienze of Naples, Italy, and of the 
Royal Society for the Encouragement of Arts, Manufacture, and 
Commerce of London. A diploma and a special cross of honor 
were awarded to him by the Italian society in 1925 for his 
scientific and literary achievements. 

Mr. Hutchison married Martha Pomeroy of Minneapolis in 
1901 and was survived by her and three sons, Miller Reese, Jr., 
of Rochester, N.Y., Robley Pomeroy, of Minneapolis, Minn., and 
Lieut. Comdr. Juan Ceballos Hutchison, U.S.N. 


CARY TALCOTT HUTCHINSON (1866-1939) 


Cary Taleott Hutchinson, consulting engineer, New York, N.Y., 
died at Coral Gables, Fla., on January 16, 1939. 

Dr. Hutchinson was born on March 4, 1866, in St. Louis, Mo., 
son of Robert Randolph and Mary (Mitchell) Hutchinson. He 
prepared for college at Smith Academy, St. Louis, and received 
the degree of Ph.B. from Washington University in 1886. Three 
years of postgraduate work in electrical engineering and physics 
at Johns Hopkins University, as a Fellow the last year, brought 
him his Ph.D. from that university in 1889. 

His first work, after his university studies were completed, 
was with the Sprague Electric Railway Motor Company, New 
York, and the Edison General Electric Company, Schenectady, 
N.Y. From 1891 through 1893 he was a member of the firm of 
Sprague, Duncan & Hutchinson, Ltd., consulting engineers, New 
York. He then went into business alone as consulting engineer, 
New York, and until 1923 much of his work was with commis- 
sions engaged in the electrification of railways. In 1923 he joined 
the engineering firm of Sanderson and Porter, New York, as 
associate consulting engineer. Here he was active on electric 
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light, power, and transmission and transportation work until his 
retirement in 1932. 

Dr. Hutchinson contributed widely to publications on the 
electrification of railroads. He was elected a member of the 
A.S.M.E. in 1894 and was a past manager and vice-president of 
the American Institute of Electrical Engineers, in whose com- 
mittee work on transportation and meetings and papers he had 
also taken part. He represented that society on the Division of 
Engineering and Industrial Research of the National Research 
Council from 1926 to 1929. He was secretary of both the 
National Research Council and The Engineering Foundation 
in 1916-1917. 

Dr. Hutchinson’s wife, the former Hebe Harrison McComas 
Muir, whom he married in 1920, predeceased him. 


FREDERICK KIRK KNOWLTON (1879-1939) 


Frederick Kirk Knowlton, whose death occurred on December 
15, 1939, was born in Chicago, Ill., on February 23, 1879, son of 
Mark D. and Abbie (Currier) Knowlton. His early education 
was secured in the publie schools of Chicago and Rochester, N.Y., 
and at Prof. Geo. D. Hale’s Preparatory School in the latter city. 
Subsequently he attended the Rochester Mechanics Institute, and 
studied mechanical engineering at Purdue University, 1898, and 
electrical engineering and other subjects at Columbia University, 
1900. He also read commercial and patent law with John and 
Charles F. Dane in New York. Practical experience in shop and 
drafting room was acquired with the Knowlton & Beach Co., 
Rochester, and at W. C. Ritchies Boxshops in Chicago. 

In 1901 he was with the Mexican Petroleum Company at San 
Luis Potosi, Mexico, then returned to Rochester to take up work 
with the Knowlton & Beach Co. (later known as the M. D. Knowl- 
ton Co.) and the Auburn Ball Bearing Company, with which he 
Was associated during the remainder of his life. He had served 
as secretary, treasurer, and vice-president of the latter company, 
and as vice-president and secretary of the M. D. Knowlton Co., 
before becoming president of both organizations. Thoroughly 
familiar with machinery and materials for packaging and also 
with the ball bearings industry, he was responsible for important 
developments in both fields. He held a number of patents on 
thrust and annular ball bearings, special machinery for making 
corrugated, gummed, and laminated fiber paper, safety devices 
for presses, paper-cutting machinery, and machines for the manu- 
facture of all types of paper containers. The products of his 
companies were shown in many expositions and won awards, one 
of the latest being for laminated fiber packages. 

During World War I he served as a captain in the Ordnance 
Department of the army at Washington, later attended the Army 
War College, and at the time of his death held the rank of 
lieutenant colonel, Ordnance, in the Officers Reserve Corps. 

He was a director of the National Metal Trades Association 
for some years and also of the Lincoln National Bank, Rochester, 
and trustee of the Rochester Chamber of Commerce for more 
than twenty-five years. He became a junior member of the 
A.S.M.E. in 1904 and was advanced to the grade of member in 
1917. He resigned his membership in 1923 but was reinstated in 
1925. He also belonged to the American Institute of Electrical 
Engineers. 

Surviving Colonel Knowlton were his widow, Elizabeth Kent 
(Stone) Knowlton, whom he married in 1904, and two daughters, 
Elizabeth Kent II and Barbara. 


ALFRED EPHRAIM KORNFELD (1869-1944) 


Alfred Ephraim Kornfeld, for many years connected with 
technical publishing, died on April 8, 1944, at his home in New 
York, N.Y. 

Mr. Kornfeld was a native of New York, where he was born 
on October 24, 1869, son of Charles and Julia Kornfeld. After 
studying for a year at the College of the City of New York, he 
was employed by Pancoast & Rogers (Reading Iron Company) 
for a time before joining the staff of the Electrical World in 
1888. After four years with that publication, he was with the 
Street Railway Gazette for a short period. In 1893 he joined 
the staff of the Engineering News, of which he became advertis- 
ing manager in 1907. Upon its sale to the Hill Publishing Com- 
pany in 1911 he became a vice-president and the following year 
retired from active duties. In 1914-1916 he was again associated 
with Engineering News, in the capacity of advertising solicitor. 

Mr. Kornfeld became an associate of the A.S.M.E. in 1911. He 
also held membership in the American Society of Civil Engineers, 
American Association for the Advancement of Science, The So- 
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ciety of American Military Engineers, and the masonic fraternity. 
He married Hennie Eisenberg, of Hamburg, Germany, in 1891, 
and was survived by her and a daughter, Muriel (Kornfeld) 
Hollander—[Biography compiled from best obtainable informa- 
tion, not all of which could be verified.] 


HENRIK VON ZERNIKOW-LOSS (1861-1938) 


Henrik von Zernikow-Loss was born on March 20, 1861, at 
Christianssand, Norway, and received his early education at a 
Latin school there. He was graduated from the Institute of 
Technology of Carl Johansvaern, Norway, as a mechanical engi- 
neer in 1878, and from the government engineering college at 
Horten, Norway, with honors, in 1881. 

From 1882 to 1887 Mr. Loss was employed in the drafting room 
of the Edge Moor (Del.) Iron Company. Then he spent a year 
as mechanical engineer for the Keystone Bridge Company, Pitts- 
burgh, Pa., after which he became hydraulic engineer for the 
Pencoyd (Pa.) Iron Works, engaging particularly in the design 
and construction of high-pressure hydraulic machinery for vari- 
ous purposes. 

About 1893 Mr. Loss opened an office in Philadelphia, Pa., as 
consulting mechanical engineer, and continued in practice until 
the early 20’s. In 1926 he furnished the following summary of 
his work: “As young man engaged with Baldwin Locomotive 
Works, William Sellers & Co., Philadelphia and Wilmington, 
Del. First original independent work was for the Carnegie 
Company in 1889 to design I-bar plant for the Keystone Bridge 
Company, later called to the Pencoyd Iron Works (A. & P. 
Roberts Co.) for the same purpose. Subsequently consulting 
engineer for Pennsylvania Steel Company, the Schoen Pressed 
Steel, and other companies, specializing in pneumatic and 
hydraulic machinery. Consulting engineer in 1900 for the Pressed 
Steel Car Company, responsible for the design of their mills and 
plants. Also occupied in the designing of the steel car—its birth 
—specializing in the mathematics of the problem. In 1904 con- 
sulting engineer for the Standard Steel Car Company, Butler, 
Pa., on its hydraulic plant. Designed later, as inventor and 
patentee, the Schoen Steel Wheel Company’s plant, Pittsburgh, 
for manufacturing solid forged and rolled railway car wheels, 
now operated by the U.S. Steel Corporation. Later as inventor 
designed plant for his new process for forging railway car 
axles in dies. Consulting engineer on general work until a 
few years ago.” 

Mr. Loss listed his inventions as: “(1) Hydraulic high-pressure 
valve system; (2) the process for forging I-bars for bridges, now 
in use; (3) the machinery for forging and rolling the modern 
steel wheel for railway carriages and cars, as now manufactured 
by the U.S. Steel Corporation; (4) several types of continuous 
heating furnaces; and recently (5) the new process for forging 
railway car axles in dies.” In 1905 he received the John Scott 
Medal of the City of Philadelphia for inventions for the manu- 
facture of railway car wheels. 

Mr. Loss wrote various papers covering research work on the 
flow of metals, hot and cold, under heavy pressures, and also 
papers on theoretical mechanics. 

He was elected a member of the A.S.M.E. in 1892, at which 
time he signed his name as Henrik Vilhelm Loss. The Year 
Books of the Society list him as Henrik V. von Zernikow-Loss for 
a few years beginning in 1920 and subsequently without the “V.” 
He was also a member of The Franklin Institute and the Uni- 
versity and Racquet clubs in Philadelphia. 

Since his retirement Mr. Loss had spent considerable time in 
travel. He died on June 28, 1938, while in Oslo, Norway. 


GEORGE ARCHIBALD LOWRY (1856-1939) 


George Archibald Lowry, president of the firm of Lowry & 
Grant, Inc., consulting mechanical and textile engineers, New 
York, N.Y., died on May 3, 1939, after a considerable illness. 
He had been associated with Mr. Grant since 1924. An inventor 
and builder of machinery through all his adult life, he held 
many patents and had received a number of special awards for 
his achievements. These included the John Scott Medal of the 
City of Philadelphia, presented in 1900 for improvements in 
baling presses; gold and bronze medals for machinery exhibited 
at the Exposition Universelle in Paris in the same year; and the 
Carnegie Silver Hero Medal in 1904, for rescuing a woman from 
the sharks at a Florida beach. 

Mr. Lowry was born at Saintfield, County Down, Ireland, on 
August 15, 1856, son of John Frazer and Jane Cair Lowry. After 
attending school in Dublin for six years he went to Belfast at 
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the age of sixteen and while working as an invoice clerk and book- 
keeper attended evening classes at the Mechanics Institute. He 
had no other technical schooling except for six months in evening 
classes at Hoosick Falls, N.Y., some years after coming to the 
United States. 

Arriving in this country in 1875, he went to Indianapolis, Ind., 
where he served as foreman in the packing house of Kingan & 
Co., by whom he had been employed in Belfast. Here he began 
the invention of apparatus for catching and hoisting hogs, and 
hog scraping machinery, which he continued later while operating 
a plant for canning meats and vegetables, in Indianapolis, and 
engaging in packing pork and exporting meats, in Atlantic, Iowa. 
Other early connections, which gave him drafting-room experi- 
ence, included W. R. Perrin & Co., Chicago, Ik, the Racine 
(Wis.) Hardware Company, and the W. A. Wood Mowing & 
Reaping Co., Hoosick Falls. 

As early as 1889 Mr. Lowry received his first patent on twine 
for binding grain, and this was followed by the invention of a 
machine for utilizing marsh grasses for binding grain. Later he 
extended the use of such twine to making bagging, rugs, ani 
matting. The Wisconsin Grass Twine Company, of Oshkosh, 
Wis., was one of his clients during the years 1896-1908, when he 
carried on a consulting practice, first in Chicago, later in Boston, 
Mass. Another client was the Planters Compress Company, ani! 
the list of his patents shows the invention of presses for cotton, 
wool, and other materials from 1897 on. 

About 1908 Mr. Lowry became vice-president and consulting 
engineer for the Lowry Fabric Manufacturing Company, of Paw- 
tucket, R.I. By this time he had invented numerous devices for 
baling cotton and other fibrous materials, as well as cotton 
hoeing, picking, and ginning machinery, and held several patents 
for machinery for making fabrics. 

Located in Florida for a number of years beginning about 
1911, Mr. Lowry built and operated machines for making matting 
from scrub palmetto, protective apparatus for orchards, fruit- 
cleaning machines, shredding and spinning machinery, and _pal- 
metto twine. 

In 1917, during the early days of United States participation 
in World War I, he developed the use of palmetto for camouflage 
purposes. In 1918 he entered the service of the Ordnance Depart- 
ment as assistant chief of the Tank Division, at Cincinnati, Ohio, 
supervising the building of Renault tanks and artillery tractors, 
and after the armistice was on the Claims staff until 1921. 

After his return to private work Mr. Lowry developed corn 
husking and shredding machinery. He explored territory in 
Cuba, Jamaica, and Colombia, 8.A., to find the extent of the 
growth of wild pineapple, and in Colombia built and operated 
machines for cleaning such fruit. During this period he was 
vice-president and consulting engineer for the Tropical Fibre 
Corporation, of New York. 

Methods of cleaning and shredding fibrous materials such as 
hemp and flax were developed by Mr. Lowry after his return to 
the United States. He was particularly interested in the develop- 
ment of methods of utilization of domestic flax and had designed 
equipment for decorticating flax. 

Not all of Mr. Lowry’s inventions were in the fields mentioned. 
There are also to his credit submarine signaling devices, an 
automobile exhaust lock, a rotary internal-combustion engine, 
improvements in sailing ships, and brick handling and cleaning 
machines. 

Mr. Lowry was a Fellow of the Royal Society of Arts, and a 
member of the New Englartd Cotton Manufacturers Association. 
He became an associate of the A.S.M.E. in 1897 and a member 
in 1923. The Transactions of the Society for 1898 (page 811) 
contains an interesting paper by him on “Ginning and Baling 
Cotton, From 1798 to 1898,” and in 1938 a paper by him on “Flax 
and Hemp—From the Seed to the Loom,” was published in 
Mechanical Engineering (page 141). He had contributed a num- 
ber of articles to Tertile World. 

Mr. Lowry had been a naturalized citizen of the United States 
since 1876. His widow and two children survived him. 


NELS BIRGER LUND (1894-1939) 


Nels Birger Lund, mechanical engineer in the Development 
Department of The Dorr Company, Inc., New York, N.Y., died 
suddenly at his home in Seaford, L.I., N.Y., on December 20, 1939. 

Mr. Lund was born in New York on April 19, 1894, and was 
educated in that city. He was graduated from the Stuyvesant 
High School in 1910 and attended Cooper Union evening classes 
in architecture during the next four years. Later he studied 
mechanical engineering at Columbia University for a year. 
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From 1913 to 1916 Mr. Lund was assistant in the Technology 
Department of the New York Public Library and the Municipal 
Reference Library, engaged chiefly in research work. Then after 
a short time as draftsman with the Western Electric Company, 
he spent two years as chief draftsman in the Aeroplane Depart- 
ment of the Sperry Gyroscope Company, Brooklyn, N-.Y., design- 
ing various instruments. He was connected with the Carrie 
Gyroscopie Corporation, New York, in 1919, working on gyro- 
compasses and other instruments, light machinery, and tools. 

Mr. Lund was in Europe during the most of 1920. After his 
return he became assistant chief engineer for the Pioneer Instru- 
ment Company, Brooklyn, N.Y., developing and manufacturing 
aireraft instruments. In 1922 he was employed by A. Kimball 
Co., New York, to design a small automatic printing machine, 
and the following year he was with the Anaconda Copper Com- 
pany, New York, developing a pilot plant to demonstrate a 
process for manufacturing copper-clad shingles by electrolytic 
methods. 

Since 1924 Mr. Lund had been with The Dorr Company, Inc., 
consulting engineers and manufacturers of equipment for han- 
dling wet materials in the chemical, metallurgical, and sanitary 
fields. During his early years with the company he was connected 
with sales and erection, as well as the design, of equipment for 
sewage, water, and waste-treatment plants. He had taken out a 
number of patents on sewage digestion, sedimentation apparatus, 
liquid distributors, and other equipment for such purposes. 

Mr. Lund became a junior member of the A.S.M-E. in 1920 and 
a member in 1931. He was survived by his widow, Florence C. 
Lund. 


WILLIAM HORATIO MASON (1877-1940) 


William Horatio Mason, vice-president in charge of research, 
Masonite Corporation, Laurel, Miss., died on August 24, 1940. 

Born at Lowell, Summers County, W.Va., on February 19, 
1877, son of Silas Boxley and Elizabeth (Montgomery) Mason, 
he received his early education in private schools, including the 
Greenbriar Military Academy. He spent two years each at 
Washington and Lee University, Lexington, Va., and at Cornell 
University, but left college prior to graduation to serve in the 
Navy during the Spanish-American War. He passed the exami- 
nation for assistant engineer and was commissioned an ensign 
in June, 1898, and was honorably discharged in November of 
that vear. 

After about six months with the Frankfort Shoe Company, 
Frankfort, Ky., he was employed as draftsman at the Edison 
Laboratory in Orange, N.J. In the spring of 1900 he was sent 
to the Edison Portland Cement Company, Stewartville, N.J., 
which he served successively as draftsman, assistant master 
mechanic in connection with erecting the plant, and from 1903 
to 1914, general superintendent. He designed and constructed 
nearly all of the machinery for the plant and had full charge of 
the manufacture of cement. He also designed and superintended 
the construction of all stone-crushing plants furnished by the 
Edison Crushing Roll Company, and served as treasurer of the 
Architectural Conerete Company and other companies, and was 
chief engineer of the Pohatcong Railroad Company during this 
period of his life. He presented a paper on “The Edison Roll 
Crushers” before the A.S.M.E. Spring Meeting at Pittsburgh in 
191i, as part of a symposium on cement manufacture, published 
in the Transactions of the Society for that year, and in a brief 
paper on “The Prevention of Missed Fires in Blasting,” which 
appeared in the 1912 Transactions, he outlined the company’s 
experience in this work. 

About 1914 Mr. Mason returned to Orange as general engineer 
at the Edison Laboratory, in connection with the design, con- 
struction, and operation of various industrial plants. Subse- 
quently, during World War I, he was superintendent of construc- 
tion for the Merchants’ Shipbuilding Company, Bristol, Pa., and 
atter the war was general manager for the William Gordon 
Corporation, Philadelphia, Pa., for a time and was employed 
by the General Motors Corporation, Detroit, Mich., in connection 
with the development of a hydraulic transmission system. 

Mr. Mason first went to Laurel, Mass., to develop a process for 
extracting naval stores from southern pine lumber during curing. 
Then he developed processes of exploding lignocellulose to fiber 
by high-pressure steam and manufacturing boards from the fiber. 
Operating at first as the William H. Mason Co., he later became 
Vice-president and general manager of the Mason Fibre Company, 
and then vice-president of the Masonite Corporation. He was also 
a director of the Commercial National Bank & Trust Co., Laurel. 

The Franklin Institute and the Technical Association of the 
Pulp and Paper Industry, to both of which organizations he 
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belonged, presented him with medals for his achievements, the 
former with the John Price Wetherill Medal in 1929 and the 
latter with a gold medal the previous year. The National 
Lumber Manufacturers Association gave him its first one thou- 
sand dollar prize, in 1922, for improvements in the manufacture 
of lumber. 

Mr. Mason began his membership in the A.S.M.E. as a junior 
in 1901 and was promoted to the grade of member in 1913. 

He married Marion Alexander Dana, of La Crosse, Wis., in 
1908, and was survived by her and two children, Elizabeth 
Montgomery and Jean Alexander Mason. 


JOHN THOMAS McCLARITY (1879-1939) 


John Thomas McClarity died on September 16, 1939, at the 
Veteran's Hospital, Bronx, New York, N.Y., after a year’s 
illness. He was born in New York on October 25, 1879, and 
attended public schools in that city and the Mechanics Institute 
and Cooper Union. He served an apprenticeship as a machinist 
at the Delamater Iron Works, New York, and worked for 
several years at Slater and Ried’s Repair Shop, erecting and 
installing elevator equipment and general power-plant machinery. 

From 1895 through 1904 he held various ratings on steam- 
ships of different lines, his work including overhauling ships 
in port and testing equipment on trial trips. He served as 
chief machinist on the U.S.S. Mayflower during the Spanish- 
American War. In 1905 he was machinist and engineer at the 
old Waldorf-Astoria Hotel, New York, and during the next 
six years he was machinist and assistant foreman in various 
automobile shops. For three years, 1911-1913, he supervised 
the building of steamships at the Great Lakes Engineering 
Works, Petroit, Mich., for the Insular Steamship Company 
of New ~ rk. 

During World War I he was chief engineer, with the rank of 
lieutenant commander, on several ships, including the convoy 
William O’Brien. From 1923 to 1925 he acted as surveyor and 
assistant port engineer for the U.S. Shipping Board. Subse- 
quently he was superintendent of an apartment house on West 
End Avenue, New York, and then for a time conducted a real 
estate insurance office in that city. : 

Mr. McClarity became an associate-member of the A.S.M.E. 
in 1926 and was automatically transferred to the grade of member 
in 1935. 

His widow, Margaret McClarity, and two brothers, Harry and 
Richard McClarity, survived him—[Biography compiled from 
best obtainable information, not all of which could be verified.] 


PAUL N. NUNN (1860-1939) 


Paul N. Nunn, president of the Telluride Power Company, Salt 
Lake City, Utah, died on October 27, 1939, at his home in San 
Diego, Calif., where he had spent the most of his time for 
several years. 

He was born at Medina, Ohio, on July 31, 1860, a son of 
Charles Robert and Miriam (Kendall) Nunn. His college educa- 
tion was secured at the Westfield (Mass.) Normal School and at 
Oberlin College, and during a period of ill health, 1880-1885, he 
took special courses and did shop work in mechanical trades. In 
1885 he became a high school instructor in mathematics and 
physics, and later was a school principal. 

He went to Telluride, Colo., in 1890, becoming consulting 
engineer for the San Miguel Consolidated Gold Mining and Gold 
King Mining companies. In connection with the development of 
electric power for mines, he and his brother, L. L. Nunn, were 
associated in the design and installation of the first commercial 
high-voltage alternating-current transmission system to be put 
into successful operation. The Telluride Power Company, which 
grew out of that enterprise, in 1897 built the first electric power 
plant in Utah on the Provo River and for a time operated the 
most powerful high-voltage system in the world, serving Mercur 
and other mining districts in Utah. Mr. Nunn was chief engineer 
of the company from 1890 to 1912, during which time systems 
were constructed in Montana and Idaho as well as Colorado and 
Utah, and from 1903 to 1910 he was also chief engineer of the 
Ontario Power Company, Niagara Falls, N.Y. He was president 
and manager of the Wyoming Electric Company, 1913-1917, and 
became president of the Telluride Power Company in 1925, upon 
the death of his brother. He held that office until his death, 
although he had retired from active professional work several 
years prior thereto. 

The Nunn brothers were greatly interested in education and as 
early as 1891 established training courses for promising young 
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men in their employ. In 1903, when the Olmsted plant was built 
at the mouth of Provo Canyon, it included classrooms and labora- 
tories as well as a large quarters building for the students in 
residence, and similar facilities were later established at other 
plants operated by the company. This educational work, at first 
confined to giving training in engineering, was later expanded to 
include scholarships in other fields, and in 1909 Mr. Nunn estab- 
lished Telluride House on the campus of Cornell University 
where a group of students has been maintained ever since. To 
perpetuate this work, the Telluride Association was formed in 
1911, and, after the sale of the Olmsted plant to the Utah Power 
& Light Co., the educational work previously carried on at the 
power plants was transferred to a large cattle ranch at Deep 
Springs, Calif., where it continues in operation under a Board 
of Trustees of which Paul N. Nunn was a leading member to the 
date of his death. 

Mr. Nunn was elected a member of the A.S.M.E. in 1904. He 
also belonged to the American Society of Civil Engineers, 
American Institute of Electrical Engineers, and American Asso- 
ciation for the Advancement of Science. He was a Knight 
Templar in the masonic order and a Shriner. 

In 1886 he married Agnes Aird Geddes, of Hoosick Falls, N.Y., 
who survived him, together with a foster daughter, Mrs. J. V. 
Hamilton. Their own child, Helen, born in 1891, died at the 
age of six. 


WILLIAM FRANCIS PARISH 


William Francis Parish, consulting lubrication engineer, New 
York, N.Y., died on March 7, 1939, of a heart ailment at the 
Harkness Pavilion, Columbia-Presbyterian Medical Center, in 
that city. An authority in his field, his latest work was research 
for the United States Government on problems of aviation 
lubrication. 

Mr. Parish was born at Erie, Pa., on January 9, 1874, son of 
William Frank and Katherine (Buys) Parish. He was educated 
in public and private schools and at the age of sixteen began 
an apprenticeship at the North Star Iron Works of the Parish 
Manufacturing Company, of Minneapolis, Minn., and Ashland, 
Wis., of which his father was principal owner and operator. 
He had experience in every branch of the business, which built 
engines, boilers, and sawmill machinery, and after the company 
was dissolved in 1894, he continued in similar work for Wil- 
liam E. Hill & Co., Kalamazoo, Mich., and under his own name, 
for several years. 

In 1897-1898 Mr. Parish was connected with the Standard 
Oil Company of Indiana, at Chicago, IIl., as mechanical expert. 
He made various tests of power in manufacturing plants of 
different kinds and served as consulting engineer on lubrication. 
During the Spanish-American War he served as a petty officer 
in the navy, being assigned to the engineering staff aboard the 
U.S.S. monitor Terror. 

After the war he joined the Vacuum Oil Company, at 
Rochester, N.Y. He was with this company and its foreign 
subsidiaries until 1911. In the United States his experience was 
broadened by service in Philadelphia, New York, and Boston. 
He organized the first technical lubrication engineering de- 
partment in the oil industry at Boston, in 1901, and acted as 
its chief until 1903, covering New England for the company. He 
then went to England, where he organized and was chief of the 
technical department of the Vacuum Oil Co., Ltd. Subsequently 
he extended his work to Germany, with the Deutsche Vacuum 
Oil Company. Technical departments were also established 
under his direction in all foreign subsidiaries of the Vacuum 
organization. 

Returning to the United States Mr. Parish entered the em- 
ploy of The Texas Company in 1911 as manager of the lubri- 
cating department, for both export and domestic commerce. 
With New York as his headquarters he developed new lubri- 
cants, organized a lubrication engineering division, and took 
over the important job of handling lubricants for the navy. He 
wrote the basic standards of lubrication which were adopted 
by naval authorities throughout the world. He also organized 
and trained the company’s foreign sales and technical forces, 
through the Continental Petroleum Company, Antwerp. 

In October, 1917, at the request of the Government, Mr. 
Parish entered its service as aeronautical mechanical engineer, 
Specification Section, Equipment Division, Signal Corps, U.S. 
Army (which at that time had charge of aircraft operation), 
to write specifications for lubricants for the Liberty enigne. 
Early in 1918 the Lubrication Department of the Signal Corps 
was created and Mr. Parish was appointed its director. This 
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department had control over the entire question of lubrication, 
covering specifications, handling, and application to field equip- 
ment, at first for the various flying fields under the Signal 
Corps, and later for the entire army. Expert lubrication engi- 
neers were gathered from the oil industry, a base laboratory 
set up in Washington to co-operate with testing laboratories 
in the petroleum and allied industries and other laboratories 
established at the various flying fields, and the many problems 
in lubrication, both in the army and the navy flying services, 
were brought to a successful conclusion by Mr. Parish and his 
associates. 

In the spring of 1918 a reorganization of the air service led 
to the establishment of the Bureau of Military Aeronauties and 
Mr. Parish became chief of the Oil and Lubrication Branch of 
the Supply Section, Department of Military Aeronautics. He 
earried on the work in that capacity until December, 19138, 
when he resigned to return to private industry. 

During the years 1919-1921 Mr. Parish was connected with 
the Sinclair Refining Company, New York and Chicago. He 
founded London and Paris offices for the development of foreign 
markets, promoted domestic sales, organized technical depart- 
ments, and was in charge of technical research in connection 
with lubricants and fuels. 

He opened his own office in Chicago in 1922, later transferring 
to New York, and for the remainder of his life devoted him- 
self to consulting and research work in the lubrication engineer- 
ing field. Among his important research projects were the 
reclamation of used oil, the development of synthetic lubricant 
substitutes, and the filtering of engine oils. With Leon Cammen 
he developed a new theory of lubrication and its testing as a 
result of Mr. Parish’s early experiences in European industries 
in the changing over to petroleum lubricants and later experi- 
ences in changing from wax to asphalt base lubricants and _ in 
the use of reclaimed oil, all of which indicated that oil actually 
penetrated the surface of steel. 

Mr. Parish presented many papers before various associations 
in this country and abroad, and contributed a large number of 
articles to the technical press. He became a junior member 
of the A.S.M.E. in 1902 and a member two years later. Sub- 
sequently he joined the Society of Automotive Engineers, Ameri- 
can Society of Naval Engineers, American Society for Testing 
Materials, American Chemical Society, and Institution of 
Petroleum Technologists (Great Britain). He was chairman 
of the Subcommittee on Lubrication Engineering of the Machine 
Shop Practice Division of the A.S.M.E. from its organization 
in 1934 until his death, and the Society’s representative on the 
Sectional Committee on Standardization of Petroleum Produe- 
tion and Lubricants from 1935 until his death. 

In 1904 Mr. Parish married Miss Josephine Driggs, of Chicago, 
and was survived by her and three children, Betty Waldo Parish 
(Mrs. Richard C. Eames), Miss Helen Katherine Parish, and 
William White Parish, first lieutenant, U.S. Army Air Force. 


HAROLD SLAUSON PERRY (1897-1943) 


Harold Slauson Perry, chief operating engineer for the Kansas 
Electric Power Company, Emporia, Kan., died at Lawrence, 
Kan., of a cerebral embolism on November 3, 1943. 

He was born in Bridgeport, Conn., on June 21, 1897, son of 
John B. and Edith May (Slauson) Perry. From the Stamford, 
Conn., High School he went to work at the Stamford Rolling 
Mills Company in Springdale as draftsman designer. Two years 
there were followed by a similar period as chief draftsman for 
C. A. Brewer, Norton Heights, Conn., on engineering work. After 
serving in the army during World War I, he entered Tri-State 
College, Angola, Ind., from which he secured an B.S. degree in 
mechanical engineering in 1923. 

Following his graduation Mr. Perry was connected for a year 
with the Public Service Production Company, Newark, N.J., 
working on layouts for the Harrison gas plant and also steam 
plant designs. Subsequently he was in charge of drafting and 
design in the Industrial Division of the Dwight P. Robinson & 
Co., New York, N.Y., 1925-1927, and assistant to the chief com- 
bustion engineer of the International Paper Company, New York, 
engaged in the maintenance and supervision of operation of 
steam plants for the company, 1927-1930. He was next connected 
with the Foster Wheeler Corporation, New York, in the capacity 
of service engineer, starting up, adjusting, and testing steam 
generators. He continued with this company until January, 1940, 
when he took the position which he held at the time of his death. 

Mr. Perry became a junior member of the A.S.M.E. in 1924, 
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and an associate-member in 1933, and was automatically trans- 
ferred to the grade of member in 1935. He was a charter member 
of Osear H. Cowan Post No. 3 of the American Legion, Stamford, 
Conn., a Mason, and at the time of his death a member of the 
Board of Directors of Kiwanis International. His hobbies were 
yachting, photography, and woodworking. 

He was survived by his widow, Alice (Duckett) Perry, of 
Regina, Sask., Can., whom he married in 1932, and a daughter, 
Floredeth Perry. 


EDWIN JAY PRINDLE (1868-1942) 


Edwin Jay Prindle, patent lawyer, born in Washington, D.C., 
on November 5, 1868, died at Montelair, N.J., on December 17, 
1942. Few men devote their lives as zealously to a single field, 
and few win the distinction accorded to him. Son of George 
Sidney Prindle, a patent lawyer, and Ann (Sanderson) Prindle, 
he was educated at Lehigh University, where he was graduated 
with the degree of Mechanical Engineer in 1890. He won the 
distinction of being elected to the then young honorary engineer- 
ing fraternity, Tau Beta Pi. 

Returning to Washington, Mr. Prindle became assistant ex- 
aminer in the U.S. Patent Office, where he remained until 1899, 
when he left to join his father in the practice of patent law. 
Meanwhile, he attended The National University and earned the 
degrees of LL.B., 1892, and LL.M., 1894. In 1905, Mr. Prindle 
settled in New York, a member of a firm of patent attorneys 
which included’ at various times Arthur Wright. Warren H. 
Small, Kenneth S. Neal, Alan N. Mann, George T. Bean, and 
others. He became senior member of the firm (dissolved on his 
retirement in 1939), patent counsel to many corporations, lec- 
turer on patent law at Lehigh University, and a vigorous advo- 
cate and supporter of the United States patent system. 

Mr. Prindle was less of the showman than of the aristocrat. 
It has been said of him that having himself acquired a good 
education in patents and patent law, he set about educating the 
public in the significance of the patent system and its impact on 
our developing industrial civilization. Not only did he lecture 
at Lehigh University, but he published articles and books which 
he reviewed in public lectures and by radio broadcast. Thus he 
became widely and favorably known in the fields of engineering 
research and patent law. 

Meantime, conditions in the national Patent Office declined. 
Failure to get adequate appropriations to maintain a force of 
technically trained examiners led the Commissioner of Patents 
to report, “The Patent Office is breaking at the very moment it 
should be responding to the fullest extent to the depressed indus- 
trial conditions of the country.” When the declaration of war 
in 1917 led to an inereased exodus of examiners, the Patent Office 
called upon the National Research Council to appoint a com- 
mittee to investigate and help the general situation. Mr. Prindle 
was a natural selection as a member of that committee. As 
secretary, he drafted the report of the committee and prepared 
a bill for introduction in Congress. During the four years which 
it took this bill to win support and emerge as the Lampert 
Patent Bill, Mr. Prindle was at his best. Reserved, dignified, 
soft-spoken, he became known as a keen analyst whose conclusions 
bore the stamp of logical, unbiased consideration. Physically he 
was a small man, distinguished looking rather than handsome. 
Personally he possessed much of the graciousness and personal 
charm which make people willing to listen. Socially he was 
centripetal rather than centrifugal—men came to like him, to 
endorse his cause, and to support his objectives. Thus when the 
Lampert Bill finally came before Congress in February, 1922, it 
was quickly and enthusiastically passed by both houses. It was 
signed a few days later by the President. 

Immediately there followed a flood of congratulatory messages 
from supporters and co-workers indicating the wide interest 
which had been attracted and the unanimous good feeling over 
the achievement. It was in fact much of an achievement, for it 
added nearly half a million dollars to the payroll of the Patent 
Office, raising salaries of primary examiners almost fifty per cent. 
The pen with which President Harding signed the bill was pre- 
sented to Mr. Prindle. Mining and Metallurgy for March, 1922, 
printed the following editorial: 

“Without a dissenting voice the Patent Office Relief Bill, after 
having passed the House, was passed by the Senate, and has been 
signed by the President. This is the culmination of years of 
persistent and energetic effort on the part of engineers to accom- 
plish this much desired result, which is in no way class legisla- 
tion, but is preeminently for the good of the entire community. 
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It is an example of the good that can result from engineer 
participation in other than technical endeavors.” 

The April, 1922, Journal of the Patent Office Society com- 
mented as follows: 

“By reason of his representative position, Mr. Edwin J. 
Prindle had the burden of virtual leadership in the fight to 
obtain legislative relief for the Patent Office. It became his duty 
to plan the campaign and to take charge of the operations. He 
selected those who appeared before the various Congressional 
committees in their hearings held in advance of and to guide 
their actions, and took charge of the witnesses so appearing. He 
assisted in preparing the provisions which eventuated in the 
Nolan and Lampert bills and he directed the operations in great 
part which led the technical and scientific organizations to take 
pronounced action on these bills. 

“Mr. Prindle came to his interest in patent affairs naturally. 
His father was a leading member of the patent bar as well as 
an engineer, and brought him up with a profound respect for the 
achievements of American invention and the benefits of the 
American patent system. He took the degree of M.E. in 1890 at 
Lehigh University in preparation for the technical side of patent 
law. Upon graduation, he entered the examining corps of the 
Patent Office and took the degrees of LL.B. and LL.M. at The 
National University Law School. Experience in the Patent Office 
deepened and strengthened his belief and faith in the value of 
the patent system. It also gave him a strong appreciation of 
the integrity and high quality of the examining corps, deep 
sympathy for the financial restrictions under which it worked, 
and an affection for many of its members. In 1899 he resigned 
from the Patent Office and entered the practice of patent law 
with his father. Upon the latter’s death he went to New York 
and began the practice which is now conducted by the firm of 
Prindle, Wright & Small. 

“Mr. Prindle has been a very prolific writer on subjects per- 
taining to the patent system, particularly in regard to clearing 
away misconceptions and making evident its purposes and bene- 
fits. His article on ‘The Farmer and the Patent System’ was 
particularly well directed, while his series of articles on ‘Patents 
as a Factor in a Manufacturing Business,’ afterwards published 
in book form, served not only to popularize the institution but 
contained valuable suggestions for interpreting the more recon- 
dite portions of patent practice. In line with this activity, many 
addresses were delivered before various educational, scientific, 
and legal bodies, some of which have become permanent contri- 
butions to the literature of patent procedure. 

“Mr. Prindle has attained eminence in a profession that makes 
the utmost intellectual demands of him who aspires to leadership. 
The firm, of which he is the senior member, specializes in the 
more technical aspects of the profession, and his contacts have 
developed accordingly. He is a member of most of the important 
technico-engineering societies, as well as numerous legal asso- 
ciations. 

“This outline of his activities, its breadth and intensity makes 
all the more notable his deep interest in the movement to 
rehabilitate the Patent Office, his incessant attention to its 
demands, his giving up of his time and labor on any and every 
occasion required for the furtherance of that purpose. Nothing 
but a devotion deeply rooted in principle and affection could 
call for such sacrifice of labor and attention as he constantly 
manifested and exerted. A debt of gratitude is due him in the 
amplest measure.” 

During the next five years, Mr. Prindle proposed, sponsored, 
and aided the enactment of legislation bearing upon the increase 
of civil salaries, the salaries of federal judges, and the means of 
making recoveries possible in patent suits where defendants have 
profited. Mr. Prindle was both a lawyer and an engineer. As 
the former, he was a member of many patent law associations and 
was given the honorary degree of LL.D. by The National Uni- 
versity in 1930. As an engineer, he was a member of most of the 
leading engineering societies and was given the honorary degree 
of Eng.D. by Lehigh University in 1933. He was elected a mem- 
ber of the A.S.M.E. in 1910 and honorary membership in the 
Society was conferred upon him in 1939. 

Surviving Mr. Prindle were his second wife, the former Mrs. 
Maud (Towle) Gildersleeve, of New York, whom he married in 
1913; two daughters by his first marriage, Mrs. Lucy Gray 
Hughes and Miss Winifred Maud Prindle; a stepdaughter, Mrs. 
Latham C. Squire; and a stepson, Gordon Hamilton Gildersleeve. 
—([Biography prepared by F. V. Larkin, Director, Department 
of Mechanical Engineering, Lehigh University, Bethlehem, Pa. 
Mem. A.S.M.E.] 
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RALPH JOHN REED (1883-1939) 


Ralph John Reed, whose death occurred at his home in Los 
Angeles, Calif., on July 27, 1939, after a long illness, was the son 
of Arthur Lucius Reed, also a civil engineer, and Anna Virginia 
(Kelly) Reed. He was born at Port Huron, Mich., on April 30, 
1883, and went to Whittier, Calif., at an early age. He attended 
Pomona College, at Claremont, Calif., where he was graduated 
in 1905 with the degree of Bachelor of Letters, and the University 
of Michigan, receiving the degree of Bachelor of Science in civil 
engineering in 1908. 

His early engineering work included surveying during the 
summers of 1903-1905 for hydroelectric projects in the mountains 
of California, instructing in surveying for the summer engineer- 
ing camps while at the University of Michigan, and, after 
graduation, topographic surveys on the Huron River for Gardner 
S. Williams, civil engineer. 

In October, 1908, he entered the employ of the Union Oil 
Company of California. This position soon engaged him in the 
locating of long and important oil transportation lines, with 
their accessory pumping stations, and the design and construc- 
tion of large concrete-lined oil storage reservoirs. From 1911 to 
1914 he was in charge of the Engineering Division of the Union 
Oil Company at Los Angeles, Calif. In 1915 he was engineer of 
the transportation department in charge of rearranging and 
enlarging five main-line pumping stations, and was acting chief 
engineer during 1916 and 1917, becoming, in November, 1917, 
chief engineer. He continued as chief engineer until he resigned 
in 1929, in charge of all engineering design and construction, 
particularly for the departments of sales, manufacturing, and 
transportation. The work included oil pipe lines, pumping sta- 
tions, tanks and storage reservoirs, docks and marine terminals, 
warehouses and refineries, cracking plants, and natural gaso- 
line plants. 

In 1929 Mr. Reed became a consulting engineer in private 
practice. His notable engagements included: Consultant for the 
repair and reconstruction of earthquake damage at a large de- 
partment store following the Long Beach, Calif., earthquake; 
consultant for various oil companies on appraisals and new work; 
member of the Board of Economie Survey of the Port of Los 
Angeles; and consultant for the Los Angeles County Flood Control 
District on its rock-fill dams in the San Gabriel Canyon. 

His scholastic ability was recognized by his election to the 
honorary societies of Sigma Xi upon his graduation from the 
University of Michigan, Phi Beta Kappa in 1914 by Pomona 
College, and Tau Beta Pi in 1928 by the California Institute 
of Technology. 

During the twenty-one years of his employment in the petro- 
leum industry, Mr. Reed gained a wide experience in its technical 
branches. From 1925 he was active in the production division 
of the American Petroleum Institute (A.P.I.) with special 
reference to matters of standardization, fire protection, and 
corrosion study. 

He served as national chairman of the A.P.I. Committee on 
the Standardization of Steel Tanks for Oil Storage from 1927 
until 1930. He was the first national chairman of the committee, 
and it was largely due to his initiative, vision, and executive 
ability that the A.P.I. standards on A.P.I. steel tanks were 
developed to such a high degree of usefulness. After his resigna- 
tion as national chairman in 1930, he continued as chairman of 
the California District Subcommittee on Tanks until 1932, and 
as a member of the committee until his death. 

As national chairman of the A.P.I. Tank Committee, he was a 
member of its Central Committee on Standardization. He also 
served as a member of the A.P.I. California District Subcom- 
mittee on the Standardization of Tubular Goods from 1925 to 
February, 1939. 

Mr. Reed was appointed to the State (California) Board of 
Registration for Civil Engineers and became a vice-president 
thereof in 1931, and was its president from 1933 to 1937. He was 
again its vice-president from 1937 until his death. He was also 
vice-president of the National Council of State Boards of Engi- 
neering Examiners, 1933-1934, and president, 1934-1935. He 
was a member of the Association of Professional Engineers of 
the Province of British Columbia. 

He was president of the Los Angeles Section of the American 
Society of Civil Engineers in 1922 and was a director of the 
society, 1935-1937. He had been a member of the A.S.M.E. 
since 1925. 

Mr. Reed gave freely of his time in connection with civic 
affairs. He was vitally interested in the development of Los 
Angeles Harbor and served on the Harbor Subcommittee of the 
Foreign Trade Committee of the Los Angeles Chamber of Com- 


merce for many years. He was chairman of the subcommittee in 
1938. He had a deep interest in matters of fire protection and 
safety, and was for a long time, until ill health prevented, a 
valued member of the Los Angeles Traffic Advisory Board, a 
volunteer group under the leadership of the Automobile Club of 
Southern California serving as a forum in the interchange of 
ideas designed to effect improvements in traffic conditions. 

In 1909 Mr. Reed married June E. Miller, of Pasadena, Calif, 
who died in 1926. Two sons were born of this marriage—Jolin 
Miller and Robert Pearson Reed. Mr. Reed married Alberta 
Persons Mann, of Los Angeles, in 1929, and was survived by her 
and his sons. 

From 1923 to 1936 Mr. Reed was a director of the Los Angeles 
Young Men’s Christian Association. At the time of his death he 
was a trustee of Pomona College; a director of the Whittier 
National Trust and Savings Bank; and a director of the Beverly 
Hills Hotel Company. He also was a member of the University 
Club (Los Angeles), the Engineer’s Club (San Francisco), and 
the Rotary Club (Los Angeles), and belonged to the masonic 
fraternity. 

During his vacations he looked to mountaineering for recrea- 
tion. He was a member of the Sierra Club whose purpose is 
“to explore, enjoy and render accessible the mountain regions of 
the Pacific Coast; to publish authentic information concerning 
them; to enlist the support and cooperation of the people and 
the government in preserving the forests and other natural fea- 
tures of the Sierra Nevada.” Mr. and Mrs. Reed participated 
in many of the excursions of the club.—[ Adapted from memoir 
prepared by Harry W. Dennis, Mem. Am. Soc. C.E., for the 
Transactions of that society.] 


HOWARD C. RICE (1881-1939) 


Howard C. Rice, president of C. Kurtzmann & Co., Buffalo, 
N.Y., died in that city on March 5, 1939. 

He was born on June 11, 1881, in Buffalo, son of William H. 
and Donalda (Cameron) Rice. He was educated in the schools 
of his native city and at Cornell University, where he received 
the degree of M.E. in 1905. During the next ten years he was 
associated with the Buffalo Steam Pump Company, Buffalo Forge 
Company, and Geo. L. Squier Manufacturing Co., the most of the 
time with the Squier organization, specializing in plantation 
machinery. He was made head of the department in charge of 
engineering, sales, and related activities. 

His first connection with C. Kurtzmann & Co., piano manutac- 
turers, was in 1915, when he became assistant to the general 
manager in charge of purchases. He was advanced through 
various positions to that of president in 1928. 

Mr. Rice had been a member of the A.S.M.E. since 1920. 

He was survived by his widow, Frederica (Cordes) Rice, whom 
he married in 1914, and a daughter, Janet Cordes Rice. 


JOHN TATE RIDDELL, JR. (1913-1942) 


John Tate Riddell, Jr., who died at Tucson, Ariz., of a heart 
ailment on December 23, 1942, was born in Albion, Mich., on 
October 26, 1913, son of John Tate and Cleora (Miller) Riddell. 
He prepared for college at the Evanston Township High School 
and attended Colorado College, Colorado Springs, Colo., and the 
California Institute of Technology, Pasadena, Calif., then en- 
tered Northwestern Uniwersity, Evanston, from which he was 
graduated with a B.S. degree in mechanical engineering 10 
June, 1935. 

A student member of the A.S.M.E. at Northwestern University, 
Mr. Riddell transferred to the junior grade following his 
graduation. He was a member of Sigma Chi fraternity. 

At the time of his death he was head of the experimental 
department of John T. Riddell, Ine., Chicago, Ill., manufacturer 
of athletic shoes. He played an important part in developing the 
liner used in a new army helmet. 


HENRY RITTER (1862-1939) 


Henry Ritter, a member of the A.S.M.E. since 1900, died on 
July 26, 1939. He was born at Alsace, Germany, on April /, 
1862, and learned the machinist’s trade in that country. After 
coming to the United States he was employed for several years 
in the early 90’s as foreman in the Tool Department of The Wm. 
Powell Company, Cincinnati, Ohio, where his brother, J. H. 
Ritter, was also employed as a toolmaker. He then became 
superintendent of the Lunkenheimer Company, of Cincinnati, and 
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continued in that position until his retirement in October, 1919. 
He was a naturalized citizen of the United States. 

Mr. Ritter’s wife, Eugenia (Orschell) Ritter, died in 1935. 
They were survived by three sons, Elmer R. Ritter, Pittsburgh, 
Pa., and Harold P. and P. L. Ritter, Cincinnati, and by a grand- 
son, Robert H. Ritter, also of Cincinnati.—[ Biography compiled 
from best obtainable information, not all of which could be 
verified. ] 


CLEMENT RUEGG (1880-1939) 


A native of Switzerland, Clement Ruegg, chief Diesel designer 
for the Nordberg Manufacturing Company, Milwaukee, Wis., 
died in that city on November 9, 1939. 

He was born in Fischenthal, Canton of Zurich, on November 
6, 1880, son of Henry and Rosa Ruegg, and received his technical 
education at the University of Winterthur. He extended his 
shop experience during three years, 1899-1901, with the Swiss 
Locomotive & Machine Co., of Winterthur, a firm making loco- 
motives and heavy machinery. This experience was followed by 
employment in France on the design of automobile engines and 
lathes, milling machines, drills, and planers, from 1901 to 1906. 
Then he was with the Belgian firm of Usine Bollinckx, of 
Brussels, where he was engaged as chief draftsman in the design 
of gas engines and gas producers. Subsequently he was employed 
by Carels Freres, of Ghent, Belgium, from 1911 to 1915, on the 
design of Diesel engines, as assistant to the chief engineer. He 
left Europe for the United States in 1916. 

In that year, Mr. Ruegg became a member of the engineering 
department of the Nordberg Manufacturing Company, in the 
Oil and Diesel Engine Department. His work was designing 
new types of Diesel engines for stationary and marine purposes. 
He continued in this work until his death. 

He was the author of a paper, “An Outstanding Municipal 
Diesel Power Plant,” presented at the National Oil and Gas 
Power Meeting of the A.S.M.E. held at Madison, Wis., June 
23-26, 1931. He had been a member of the A.S.M.E. since 1919. 


GEORGE ARTHUR SCHIEREN (1878-1944) 


George Arthur Schieren, president and chairman of the board 
of the Charles A. Schieren Co., New York, N.Y., died on Decem- 
ber 7, 1944. 

Mr. Schieren was born in Brooklyn, N.Y., on January 28, 1878, 
son of Charles Adolf and Marie Louise (Bramm) Schieren. His 
father had established the leather business and served as mayor 
of Brooklyn, 1894-1896. The son studied at the Brooklyn Poly- 
technic Institute and was graduated from Cornell University in 
1900 with an M.E. degree in electrical engineering. 

Following his graduation he entered his father’s business and 
was put in charge of the company’s tanneries at Bristol, Tenn. 
(Dixie Tannery Company). A process of extracting tannic acid 
from chestnut wood was introduced and the Holsten Extract 
Company was organized in 1905 as a subsidiary of Charles A. 
Schieren Co. with Mr. Schieren as vice-president and general 
manager. When the Bristol plant was destroyed by fire in 1913 
the Holsten Extract Company became merged with the Charles 
A. Schieren Co. Mr. Schieren served the company as _ vice- 
president until 1933, when he became president. He was also 
president of the Schieren Realty Corporation. 

As the extract business was a new one when Mr. Schieren first 
went to Bristol, he had to work out original and untried methods 
in every step of the process. For leaching chipped wood he built 
reinforced-concrete leaches; to carry the leached wood to the 
boilerhouse he designed a new conveying chain; and to evaporate 
and condense the tannic acid to a commercial tanning extract 
he devised detachable tube evaporators and a_tube-cleaning 
apparatus. 

In the leather belting industry he designed a running-in ma- 
chine to stretch whole rolls of belting at one time while running 
over pulleys at full load, and also a machine for the preparation 
and roughing up of leather to prepare joints and connections so 
that the celluloid cement would form a joint that is waterproof 
and stronger than the leather itself. 

Mr. Schieren was a member of the research committee of four, 
appointed by the Leather Belting Exchange (now the American 
Leather Belting Association) in 1916. Its first study was the 
comparative value of leather belting and its substitutes con- 
ducted at the Mellon Institute of Industrial Research in Pitts- 
burgh, Pa, and later in the School of Engineering at Cornell 
University. He served on the committee during the ten years 
of its existence, when exhaustive tests were made on every phase 
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of belting power transmission and the results were published for 
the trade from time to time in pamphlet form. 

He had been a member of the A.S.M.E. since 1931 and had 
represented the American Leather Belting Association and the 
Tanners’ Council of America on the Sectional Committee on 
Specifications for Leather Belting since its formation in 1931. 
He was chairman of the Subcommittee on Recommendations for 
Selection, Care, and Installation. He was a director of the 
National Foreign Trade Council, Inc., 1937-1944, and a member 
of the Board of Governors of the Machinery Club, New York. 
He was a member of the Delta Phi fraternity. Golf, boating, and 
photography were his chief recreations. 

Mr. Schieren was survived by his widow, Blanche (Barker) 
Schieren, whom he married in 1903, and by two children, Florence 
Louise Schieren and George Arthur Schieren, Jr—[Adapted 
from a biography published by The National Cyclopaedia of 
American Biography, Vol. D, page 345.] 


JOHN EMILE SCHMELTZER (1882-1943) 


John Emile Schmeltzer, director of the Emergency Ship 
Construction Division, U.S. Maritime Commission, Washington, 
D.C., died from a heart attack in New York, N.Y., on February 
25, 1943. 

Mr. Schmeltzer was born at Chester, Pa., on October 9, 1882, 
son of Louis and Marie Elise (Wetzel) Schmeltzer. He attended 
the Chester public schools and The Franklin Institute, and 
served a four-year apprenticeship as machinist and draftsman 
with the Delaware River Iron Ship Building and Engine Works, 
at Roach’s Shipyard, Chester. 

After the completion of his apprenticeship, Mr. Schmeltzer 
was employed for three years as draftsman for Robt. Weatherill 
& Co., Chester, designing engines, boilers, and special machinery. 
The following year, 1908-1909, he designed and constructed oil 
refinery machinery and buildings for the Sun Oil Company, 
Marcus Hook, Pa. Then, after a brief period with the Highway 
Department, Commonwealth of Pennsylvania, designing rein- 
forced-concrete bridges, he spent nearly a year with the U.S. 
Army Engineers at Fort du Pont, Delaware, and in Philadelphia, 
Pa., as draftsman on fortifications, and also made the pre- 
liminary design of engines for a dredge. Later in 1910 he 
designed an engine for similar use for the Weatherill company. 

In the fall of 1910 Mr. Schmeltzer went with the Fore River 
Shipbuilding Company, Quincy, Mass., specializing on marine 
turbines and assisting in the direction of the work of turbine 
design. After three years there he was appointed marine engine 
and boiler draftsman at the U.S. Navy Yard, New York. 
Another three years, 1915-1918, were spent with the Lake 
Torpedo Boat Company, Bridgeport, Conn., where he served 
successively as general checker and assistant chief draftsman in 
the Machinery Division, production engineer, and production 
manager. 

Mr. Schmeltzer left this company in 1918 to go with the U.S. 
Shipping Board Emergency Fleet Corporation, Philadelphia, 
first as assistant engineer, then as senior engineer on turbines 
and gears. In May, 1919, he became assistant general manager of 
the Merchant Shipbuilding Corporation, Chester. Early in 1923 
he was made works manager for the corporation, with which he 
continued until 1925. Next he spent a year each as general 
manager of the Alderton Dock Yards, Ltd., Brooklyn, N.Y., and 
resident manager at Palm Beach, Fla., for the Merritt-Chapman 
& Seott Corp. He was plant superintendent for the Marion 
(Ohio) Steam Shovel Company, 1927-1931, and during the next 
three years was associated first with Edward E. Gann and then 
with George G. Sharp, in consulting work. 

In 1934 he returned to the U.S. Shipping Board, Washington, 
as technical assistant and then became engineer in charge of 
design for the Maritime Commission. He was promoted to chief 
engineer and was one of the original three to form the nucleus 
of the Technical Division, of which he was appointed assistant 
director in January, 1939, and associate director in July, 1940. 
He was made director of the Emergency Ship Construction 
Division in January, 1941. 

Mr. Schmeltzer devised a method of key-seating by broaching 
13 to 15 manganese steel. He presented several papers before 
the Society of Naval Architects and Marine Engineers, of 
which he was a member. He also had belonged to the American 
Society of Marine Engineers, American Society of Naval En- 
gineers, American Society of Marine Draftsmen, and Newcomen 
Society. He had served on technical committees of the Ameri- 
can Bureau of Shipping and American Society for Testing 
Materials. He became an associate-member of the A.S.M.E. in 
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1915 and a member in 1924. A building at the U.S. Merchant 
Marine Basic Cadet School at Pass Christian, Miss., has been 
named for him, as has also a Liberty ship. 

Mr. Schmeltzer married Anne Austin Bourke, of Chester, 
in 1917, and was survived by her and two sons, John Emile 
Schmeltzer, Jr., and Louis Bourke Schmeltzer. 


RICHARD SELLMAN SCOTT (1885-1939) 


Richard Sellman Scott, consulting engineer, died on October 
20, 1939, at his home in Mt. Airy, Philadelphia, Pa. He had been 
a member of the A.S.M.E. since 1922. 

He was born in Lynchburg, Va., on September 13, 1885, son 
of Robert Brunskill and Maude (Perey) Scott. He attended 
Randolph Macon Academy, at Bedford, Va., and the Virginia 
Polytechnic Institute, from which he was graduated with a B.S. 
degree in 1905. 

Following his graduation he took the student engineering 
course at the Lynn (Mass.) Works of the General Electric Com- 
pany and until 1921 he was employed at various factories and 
district offices of that company, engaged in the cesign, construc- 
tion, and testing of electrical and steam machinery, and the 
design of power stations and applications of electrical machinery 
to manufacturing industries. From 1915 to 1921, except in 1917— 
1918, when he was sent to the Washington office of the company 
to do engineering work in connection with war contracts, he had 
charge of design, sales, and installation work in connection with 
cement manufacturing plants. 

Beginning in January, 1921, and continuing until his death, 
Mr. Scott was engaged in consulting work, with offices in Phila- 
delphia. Among his clients were the Phoenix, Clinchfield, Atlas, 
Penn-Dixie, Giant, and Valley Forge portland cement companies, 
Manchester Shale Brick Company, Nice Ball Bearing Company, 
General Smelting Company, Fayette R. Plumb Co., and United 
Oxygen Manufacturing Company. He was always very much 
interested in the application and efficiency of electricity in 
cement plants and had a great deal to do with the laying out and 
installing of systems in both old and new plants. 

He was survived by his widow, Eleanor (George) Scott, and 
three sons, Richard S., Jr., Louis George, and John T. Scott. 


WALTER WINTHROP SCOTT (1893-1939) 


Walter Winthrop Scott, chief petroleum engineer for the 
Humble Oil & Refining Co., died in the Hermann Hospital, 
Houston, Texas, on December 7, 1939, after a long illness. 

Mr. Scott was born at Santa Ana, Calif., on May 14, 1893, son 
of Charles C. and Priscilla (Evans) Scott. The family moved 


to Willits, Calif., while he was still an infant, and he secured . 


his early education in the schools there. In 1916 he received an 
A.B. degree from Leland Stanford University, where he had 
specialized in geology and mining engineering. 

The following paragraphs are taken from a memorial by D. P. 
Carlton, in charge of geophysics for the Humble Oil & Refining 
Co., published in the Bulletin of The American Association of 
Petroleum Geologists, May, 1940. 

“As a student at Stanford he was entirely self-supporting, un- 
usually resourceful, and earned all monies necessary to complete 
his education. Summers from 1914 on were spent in the oil fields, 
working as a roughneck, and it was this association with the 
practical problems of oil production that gradually turned his 
interest from geology to a new profession, which is now known 
as petroleum engineering. While a senior student at Stanford, 
he was employed part time as a geological draftsman by the 
Shell Oil Company in the San Francisco office. In 1916, immedi- 
ately after graduating from Stanford, he went to work as a 
geologist for the Oilfields, Limited, of Oilfields, California, and 
served with geological parties in mapping the Ventura and 
Pleyto anticlines. 

“On November 20, 1917, he resigned to go to work as a geologist 
for Pomeroy and Hamilton (Oil Issues) of Houston, Texas. His 
field work carried him to Many. Sabine Parish, Louisiana, where 
he met Miss Mary Vandegaer in 1918 and married her in Sep- 
tember, 1920. When the Oil Issues Company began drilling 
operations, Mr. Scott was placed in charge. He became interested 
in the work of the United States Bureau of Mines and took the 
first civil service examination ever given under the title of ‘Oil 
Recovery Engineer.’ 

“Mr. Scott joined the Bureau of Mines in 1921 and after a 
short period of study in Washington, D. C., he was sent to the 
Bureau’s Dallas, Texas, office. Much of his time was devoted 
to the study of the Haynesville oil field in Claiborne Parish, 
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Louisiana, with special reference to the control of water and its 
exclusion from producing sands in order to increase the field's 
production, prevent waste, and lengthen the life of the field. The 
results of his work were gratifying. 

“In the spring of 1922, the Bureau sent him to Winnett, Mon- 
tana, to attend to some land and lease matters. He was returned 
to Shreveport and then sent on a special mission to Mexico in 
connection with oil and gas studies for the Bureau. 

“In April, 1923, Mr. Scott went to Bakersfield, California, for 
the Bureau and while there he made an extensive study of rotary- 
drilling operations as conducted in that state. He often expressed 
a desire to arrange his notes in such a form that he could be the 
author of a bulletin for the Bureau of Mines on rotary drilling. 
He returned to Dallas, Texas, and was in charge of that office, 
making special arrangements for field studies in Texas, Louisiana, 
and Arkansas. 

“Early in 1924, Mr. Scott was sent to Casper, Wyoming, as an 
oil and gas supervisor. This assignment was short and on August 
21, 1924, he was granted a one-year leave of absence to take a 
job as consulting engineer for the Sarawak Oil Company, Ltd. 
(Shell), in the Miri oil fields, Sarawak, Borneo, to help with 
drilling and water-control problems. 

“Returning to the United States in July, 1925, Mr. Scott again 
joined the Bureau of Mines and was sent to Bartlesville, Okla- 
homa, as superintendent of the station. Mr. Scott was a con- 
servative and versatile worker with the Bureau; he handled 
many difficult assignments and suggested many engineering prob- 
lems that subsequently became the subjects of bulletins for the 
Bureau by other writers. This association was admittedly one 
of the important phases of his life and he continued the associa- 
tion to the end. 

“On August 15, 1925, he resigned to accept a place with the 
Pure Oil Company at Tulsa, Oklahoma, in charge of their produe- 
tion engineering department. He served in their operations in 
Seminole, Oklahoma, and was recognized as an authority on the 
gas lift. He was transferred to the Texas producing division in 
connection with a number of deep wells that were being drilled 
by the Pure in the Texas Gulf Coast. On May 1, 1928, he re- 
turned to Tulsa. 

“On May 31, 1928, he resigned to become chief petroleum engi- 
neer for the Humble Oil and Refining Company at Houston, Texas. 
Being a wonderful organizer, a firm believer in standardization 
and a keen judge of men, he soon perfected an efficient petroleum 
engineering department. 

“Mr. Seott joined the American Association of Petroleum 
Geologists in 1919. He was a member of the American Petroleum 
Institute and was especially active on its committees in matters 
pertaining to drilling operations. He also held membership in 
the American Institute of Mining and Metallurgical Engineers 
and The American Society of Mechanical Engineers. His hobbies 
were stamp collecting and flowers and whenever possible he made 
the famous ‘Azalea Trail.’ He was very fond of baseball and 
football, and played a good game of golf. He was a member of 
the River Oaks Country Club. 

“Walter Scott, affectionately known by his older friends as 
‘Dago’ and by others as ‘Scotty,’ entered Stanford spurred by 
the determination to go on with his friends in the quest for 
higher education. He earned his way by waiting on tables at a 
boarding club, operating college newspaper and laundry agencies, 
and any other jobs he could find. He was a fine young man, with 
excellent judgment and a quiet sense of humor which endeared 
him to all. Early in life he became a student in character 
analysis and continued this study to the end. Perhaps this, to- 
gether with his rare ability to analyze and reduce problems he 
encountered to simple terms and to find a ready solution, was the 
most potent factor in his success. He was a natural leader who 
accomplished much with a minimum of effort. He was always 
self-effacing and never failed to give credit to those who worked 
with him. He was a man of simple tastes with the very highest 
moral standards. His family was always his first thought and 
he was a wonderful husband and father, a playmate and counselor 
to his children. The steps he followed to attain success in life 
offer a powerful example to what can be accomplished by deter: 
mination and application. It can be truly said that all who knew 
him were the richer for the association.” ; 

Mr. Scott presented a number of papers before meetings 0! 
the American Petroleum Institute and other societies. He be 
came a member of the A.S.M.E. in 1926, resigned in 1933, and 
was reinstated in 1936. 

He was survived by his widow, two sons, Walter W., Jr., and 
William Charles, and a daughter, Betty Claire Scott, all o! 
Houston; also by his father and three sisters, all of California. 
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EDWARD THEODOR SEDERHOLM (1860-1939) 


Edward Theodor Sederholm, whose death occurred on June 8, 
1939, was born in Helsingfors, Finland, on January 26, 1860, the 
son of Clas Theodor and Maria Christina Sofia Sederholm. He 
received his education at the Polytechnic Institute of Helsingfors, 
from which he was graduated in 1880 with an M.E. degree. He 
secured practical experience in railroad repair shops and engine 
works in Finland during vacations from college. 

After a vear as draftsman on boilers and general machinery at 
metal works in St. Petersburg, Mr. Sederholm came to the 
United States where he was first employed at the Baldwin Loco- 
motive Works, Philadelphia, Pa., mostly in the erecting shop. He 
then went to Milwaukee, Wis., where he worked for George M. 
Conway on drafting connected with steam pumps and _ special 
machinery, and next as a draftsman at the Cream City Iron 
Works, Milwaukee. 

In June, 1882, he took a similar position at the Reliance Works 
of E. P. Allis & Co., Milwaukee, where he continued until the 
end of 1885. From 1885 to 1888 he was mechanical engineer for 
the Hoffman & Billings Manufacturing Co., also of Milwaukee, 
where he designed a full line of Corliss engines. In October, 1888, 
he became mechanical engineer for Fraser & Chalmers, of Chi- 
cago, and continued in that capacity and as chief engineer until 
1902. He was a director in the company from 1889 and consulting 
engineer for the British subsidiary, Fraser & Chalmers, Ltd., 
Erith, Kent, England, 1898-1902. 

During the next five years, which he spent at San Diego, Calif., 
a breakdown in health prevented Mr. Sederholm from doing more 
than a little consulting work. Subsequently he spent five years 
with the Nordberg Manufacturing Company, Milwaukee, as 
assistant chief engineer, in charge of construction work, and from 
then until he retired in 1928 he was Pacific Coast representative 
for the company. 

In 1913 Mr. Sederholm engaged in fruit growing in California 
and until 1922 he was director of the Indian Hill Citrus Associa- 
tion, Pomona, of which he was president from 1915 to 1922. He 
was also director of the San Antonio Fruit Exchange, Pomona. 
He worked out flood control for Pomona during this period and 
did engineering work for the Citrus Association. 

In 1918-1919 Mr. Sederholm was district plant engineer, Great 
Lakes District. for the U.S. Shipping Board Emergency Fleet 
Corporation, with headquarters at Cleveland, Ohio. 

He was the author of articles for magazines on hoisting engines, 
wire ropes, and similar subjects, and received honorable mention 
at the World’s Fair (Columbian Exposition), Chicago, 1893, for 
notable engineering achievements. Among his inventions were a 
steam boiler for large units and (for that time) high pressures, 
a full-stroke gear for Corliss engines, and a special governor for 
air compressors. Outstanding plants designed by him were the 
Kimberley Diamond Mining Company, at Kimberley, Cape 
Colony, South Africa, employing triple-expansion Corliss engines; 
a line of mining hoists for the Rand Mines, Ltd., Transvaal, 
South Africa; a pumping engine for the Oahu Sugar Co., Oahu, 
T.H.; and a Riedler pumping engine for Lakeside Station, 
Chicago. 

Mr. Sederholm became a member of the A.S.M.E. in 1889 and 
was also a member of The Society of Naval Architects and 
Marine Engineers and a Mason. 

In 1885 he married Amanda H. Hintze of Milwaukee. They 
adopted two children, J. R. Sederholm, and Mrs. Elizabeth W. 
Nichols. 

Mr. Sederholm became a citizen of the United States in 1888. 


DON H. SHANNON (1888-1939) 


Don H. Shannon, employed for many years by The Detroit 
Edison Company, Detroit, Mich., was born in Marcellus, Mich., 
on June 8, 1888, son of Herbert G. and Manie (Young) Shannon. 
He secured his early education in Marcellus and then attended 
Michigan State College, graduating in 1909 as a civil engineer. 
For several years after his graduation was employed as drafts- 
man on automobile accessories and special machines by the 
W. K. Prudden Co., of Lansing, Mich. Subsequently he was 
chief engineer for the United Motor Truck Company, Grand 
Rapids, Mich. 

Mr. Shannon entered the employ of The Detroit Edison Com- 
pany in 1916 and continued with them until his death on June 
27, 1939, becoming head of the Drafting Survey Bureau. He 
was responsible for much of the design and layout of equipment 
for powerhouses, central heating stations, coaling stations, and 
other mechanical construction undertakings. He held a patent 
on a boiler baffle. 
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He became a member of the A.S.M.E. in 1927 and also belonged 
to the Detroit Engineering Society, and the Engleside and Inter- 
collegiate clubs of Detroit. 

In 1913 he married Elizabeth Wilson, who survived him. 


HARRY T. SHRIVER (1866-1939) 


Harry T. Shriver, who died on January 6, 1939, was for 
nearly fifty years engaged in engineering work in the firm of 
T. Shriver & Co., New York, N.Y., and Harrison, N.J. During 
the early part of the time he was superintendent of the com- 
pany and since 1910 had been its owner. The firm engaged in 
the manufacture of filter presses, pumps, and electrolizers, and 
Mr. Shriver made important contributions to its research and 
development work. He retired from active participation in the 
business several years prior to his death. 

Mr. Shriver was born in New York on December 8, 1866, son 
of Walter and Ada C. Shriver. He prepared for college at 
Charlier Institute and was graduated from the Columbia School 
of Mines in June, 1888, with the degree of Ph.B. 

He married Maude Salisbury, of New York, in 1893, and 
they had one daughter, Ruth S. Shriver. 


A(UGUSTUS) PARKER SMITH (1862-1939) 


A(ugustus) Parker Smith, of New York, N.Y., lawyer and 
expert in patent and trade-mark cases, was born in Norwich, 
Conn., on May 24, 1862, son of Robert B. and Harriet (Cook) 
Smith. He received his early education at the Norwich Free 
Academy, then entered Lehigh University, from which he was 
graduated in 1884 with the degree of M.E. During his summer 
vacations he had practical experience in the machine shop of 
the Bethlehem Iron Company at South Bethlehem, Pa., and the 
drafting room of the Pennsylvania & Reading Coal & Iron Co., 
at the Reading, Pa., shops. 

After his graduation he was employed as associate editor of 
Engineering News and on the editorial staff of the New York 
Tribune. In 1886 he became a member of the Corps of Examiners, 
U.S. Patent Office. Washington, D.C.. and after receiving an LL.B. 
degree from Georgetown University in 1888 he engaged in the 
practice of patent law in Washington in partnership with 
Benjamin Butterworth and Benton J. Hall, ex-commissioner of 
patents. From 1890 until his death on October 8, 1939, he prac- 
ticed patent law in New York. He was active in the early 
litigation on the famous Selden patent and in connection with 
the early electric light patents. 

Mr. Smith became a member of the A.S.M.E. in 1887. He 
belonged to the American Bar Association, American Patent Law 
Association, New York city and state bar associations, New York 
County Lawyers Association, New York Patent Law Association, 
and British Chartered Institute of Patent Agents; also to 
several clubs in New York and Washington, and to the Psi 
Upsilon fraternity. 

He was survived by his widow, Mary Smith, whom he married 
in 1893. 


EDWARD JOSEPH SMITH (1864-1941) 


Edward Joseph Smith, manager of the High Pressure Pump 
Corporation, Wilkes-Barre, Pa., and a member of the A.S.M.E. 
since 1904, died on August 16, 1941. He was born in Sacramento, 
Calif., on January 23, 1864, son of Edward Joseph and Mary I. 
Smith. He was graduated in 1886 from the Commercial De- 
partment of St. Mary’s College, at that time located in San 
Francisco, Calif. Prior to his attendance there he had served 
a two-year apprenticeship, 1881-1883, at the Union Iron Works, 
San Francisco, where ke subsequently had shop experience. 

From 1894 to 1899 he was in full charge of the contract shop 
of the Gardiner, Worthen & Goss Co., Tueson, Ariz., and 
during the next three years he was employed in the drafting 
room of the Mine & Smelter Supply Co. Other early work, re- 
ported by him on his application for membership in the A.S.M.E., 
was with the firm of Cia-Industrial Mexicana, Chihuahua, Mex- 
ico, representing it on the road; in charge of the estimating 
department and offices of the M.S.S. Co.. El Paso, Texas; and 
superintendent of the Robins Conveying Belt Company, Passaic, 

Entries in directories of the Society since 1905 indicate the 
following succession of activities prior to his connection with 
the High Pressure Pump Corporation: superintendent, Port- 
land Company, Portland, Me., general superintendent, Traylor 
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Engineering Company, Allentown, Pa., mechanical engineer, 
Pusey & Jones Co., Wilmington, Del., and consulting engineer 
and manufacturers’ agent, New York, for a period of some 
fifteen years, terminating in the middle 20's, when he went to 
Wilkes-Barre. There he was associated with the Exeter Machine 
Works, Inc., for some years, becoming its president. His wife 
died before he went to Wilkes-Barre. 

As a hydraulic engineer Mr. Smith was recognized particularly 
for his ability in connection with working of ferrous and non- 
ferrous metals and alloys by means of high-pressure fluids, such 
as forging, extrusion, bending, and die casting. He designed one 
of the first water-driven high-pressure hydraulic pumping units, 
together with required valving. One of his unique developments 
is a press-operating valve, single-spindle, 4-way, packless, by use 
of which it is possible to extrude direct, that is, from pump to 
press without the use of accumulators. 

Mr. Smith had belonged to a number of professional clubs 
and fraternal orders.—[ Biography compiled from best obtainable 
information, not all of which could be verified.] 


GORDON A. SNELLING (1912-1939) 


Gordon A. Snelling, whose death occurred in April, 1939, was 
a native of Vancouver, B.C., Can., where he was born on 
December 5, 1912. 

He attended the public schools of Vancouver and the Uni- 
versity of British Columbia, where he was a student member 
of the A.\S.M.E. Upon his graduation from the university with 
the degree of B.A.Sc. (Mechanical) in 1938 he was transferred 
to junior membership in the Society. 

At the time of his death he was employed by the Boeing 
Aireraft of Canada, at Vancouver. 


GEORGE T. SNYDER (1865-1939) 


George T, Snyder, a member of the A.S.M.E. since 1912, 
died suddenly of a heart attack on May 29, 1939. At the time 
of his death he was living at Centerville, Cape Cod, Mass. He 
retired from the National Tube Company in October, 1935. 

Mr. Snyder was born in St. Louis, Mo., on October 18, 1865, 
son of Joseph N. and Christine Snyder. He attended grammar 
school and the Central High School in Cleveland, Ohio, and 
spent one year at Adelbert College, Western Reserve Univer- 
sity. He then entered the Case School of Applied Science, 
where he took the four-year mechanical engineering course and 
received the degree of B.S. in 1890. 

During all but five months of the next five years he was 
with the Illinois Steel Company at its South Chicago Works, 
working as draftsman, rodman in the civil engineers corps, in- 
spector at the rail mill, and foreman of hot metal mixers. During 
the five months’ absence. while construction work at the plant 
was stopped, he was cmployed by the Brown Hoisting & Con- 
veying Machinery Co., Cleveland. 

In 1895 he joined the Cleveland Rolling Mill Company (which 
later became the American Steel & Wire Co.) at its Newburgh 
Steel Works, where he spent some time in the drafting office 
and was foreman of the Hot Metal Department and assistant 
superintendent of the blooming and other mills. 

After five years with that company he went to the National 
Works of the National Tube Company, McKeesport, Pa. During 
sixteen years there he served in the capacities of chief drafts- 
man, and department and works engineer, in charge of the 
design, construction, and maintenance of new shops and mills 
and their equipment. Then he was transferred to the Lorain 
(Ohio) Works of the National Tube Company (which became 
a subsidiary of the U.S. Steel Corporation in 1901), with duties 
similar to those at McKeesport. 

Early in 1931 Mr. Snyder was called to the main office of the 
company at Pittsburgh, Pa., as engineer in charge of development 
work and continued in that capacity until his retirement. 

He married Mary Eastman, of Chicago, in 1893, and was 
survived by her and three daughters, Dorothy, Jean, and Frances. 


GILBERT WALLHEAD SOUTHERN (1886-1939) 


Gilbert Wallhead Southern, a native of Sheffield, England, died 
of pneumonia on January 27, 1939. He was born on November 29, 
1886, and attended public schools and evening technical classes in 
Sheffield. In 1900 he became an apprentice with Steel Peech & 
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Tozer, Ltd., of that city. Upon the completion of his training he 
worked in the drawing office until 1907, when he was made assis- 
tant engineer, in charge of plant maintenance and new construc- 
tion. In 1919 he was advanced to the position of chief plant engi- 
neer and he served in this capacity until 1920, when he was 
appointed works manager of the company’s new steel plant. He 
continued with the firm for about ten years, then after a short 
time as engineer and director for the Beeley Foundry Co., Ltd., 
Sheffield, engaged in private practice for the remainder of his 
life. 

Mr. Southern became an associate-member of the A.S.M.E. in 
1921 and was automatically transferred to the member grade 
in 1935. He was also an associate member of The Institution of 
Mechanical Engineers. His brohter, Herbert Southern, of Shef- 
field, is a member of the A.S.M.E. 


CLARENCE WINFRED SPICER (1875-1939) 


Clarence Winfred Spicer, vice-president of the Spicer Manu- 
facturing Corporation, Toledo, Ohio, died of heart disease on 
November 21, 1939, at Miami, Fla., where he had gone to 
spend the winter with one of his sons, Dr. Robert Thurston 
Spicer. Surviving him were also three other sons, Haro! 
Willis, John Reed, and Winfred Clarence Spicer, and his widow, 
Anna Olive (Burdick) Spicer, formerly of Alfred, N.Y., whom 
he married in 1896. 

Mr. Spicer was born at West Hallock (now named Edelstein), 
Ill., on November 30, 1875, son of John Green and Cornelia 
(Babcock) Spicer. From 1891 to 1894 he was a student. at 
Alfred University, which in 1935 conferred the honorary degree 
of Doctor of Science upon him. In 1900; after several years of 
stationary engineering work, he entered Cornell University, 
where he took a special four-year course mechanical 
engineering. 

While at Cornell he invented and patented the ineased wni- 
versal joint and following his graduation he organized the Spicer 
Universal Joint Manufacturing Company, Plainfield, NJ. to 
its manufacture. He was president of the company and _ its 
successor, the Spicer Manufacturing Company, until 1916, and 
was a vice-president of the Spicer Manufacturing Corporation, 
formed in that year, until his death. 

A tribute to Mr. Spicer published in the January, 1940, issue 
of the Journal of the Society of Automotive Engineers, of which 
he was president in 1938, contains the following paragraphs: 

“Numerous universal joint patents are in his name, and among 
his contributions to other industries are the hydraulic-press 
type of ‘push’ broach for square and multiple splined holes, and 


a gear drive for railway-car lighting air-conditioning 
equipment. 
“Mr. Spicer’s outstanding engineering abilities led to his 


selection as one of several experts called upon to design the 
Class B Liberty Truck for wartime use of the United States 
Army. 

“In his company’s shops he was a stickler for quality and 
detail, and this is reflected in the spirit of perfection which 
prevails among men who worked with him. Mr. Spicer for 
years argued that Saturday work was not efficient and the 
Spicer company has had a five-day week as standard for more 
than thirty years. 

“Mr. Spicer always was a sincere and hard worker, but he 
found time for recreation in the form of volley ball, and watil 
recent years, basketball. It is said that he knew every nut and 
bolt of his automobiles, and that when a young man he would 
spend many a night tuning up his car so that the next day he 
could beat everything on the road.” 

Through both the S.A.E. and the A.S.M.E., of which he became 
a member in 1913, Mr. Spicer did much to further standardiza- 
tion work. He served on the Mechanical Standards Committee 
and the Standards Council of the American Standards Associa- 
tion; on the A.S.M.E. Standing Committee on Standardization, 
as chairman in 1934-1935; as chairman of the General Standards 
Committee of the S.A.E., 1934-1937; and on the Sectional 
Committees on Shafting and on Small Tools and Machine Tool 
Elements and a number of their subcommittees. 

He had also served as treasurer of the S.A.E., 1931-1932. 
and been active on a number of its committees. He belonged 
to the American Institute of Mining and Metallurgical Engi- 
neers, and several other engineering societies and clubs. He was 
the author of a number of papers on technical subjects. 
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WALTER J. SPIRO (1882-1944) 


Walter J. Spiro, son of Charles Spiro, a member of the 
A.S.M.E. who died in 1933, and himself a member of the Society 
since 1920, died on December 30, 1944, after a long illness. 

Born in New York, N.Y., on July 11, 1882, of Charles and 
Grace (Smadbeck) Spiro, he prepared for college at the Rugby 
Military Academy in that city. He received his A.B. degree from 
Columbia University in 1902 and an M.E. from its School of 
Engineering the following vear. After four months with Bement, 
Miles & Co., Philadelphia, Pa., as student engineer, he entered 
the employ of the Columbia Typewriter Manufacturing Company, 
New York, with which his father was long associated as general 
manager and president. Walter Spiro served the company suc- 
cessively as draftsman, chief draftsman, assistant superintendent, 
and general superintendent up to 1914, when the plant suspended 
operations. He, too, as did his father, contributed much to the 
design and manufacture of typewriter mechanisms, his work re- 
lating especially to the No. 14 Bar-Lock typewriter. He also 
invented and developed for the market the Bar-Lock decimal 
tabulator and the Arabian Bar-Lock typewriter (which wrote 
from right to left and printed 120 characters). 

In 1914 he entered into the work of The C. Spiro Manufactur- 
ing Company, of New York and Dobbs Ferry, N.Y.. which he had 
helped his father organize. In the capacities of chief engineer, 
general manager, and treasurer of the company he had an impor- 
tant part in the invention, development, and manufacture of 
airplane, radio transmitter, and ordnance parts during World 
War [I and automobile parts and accessories subsequently. He 
continued the business until 1937 and since that time had main- 
tained an office in New York for consulting work on special 
machinery design, valuations, and the handling of his own inven- 
tions. He held about fifty patents, mainly in the typewriter, 
automotive, and elevator fields. For several vears in the early 
30's he was consulting engineer to the Rutherford Machinery 
Division of the General Ink Corporation, New York, developing 
new photo-offset machinery, and at the time of his death was 
director of engineering for Sherman & Associates, New York. 

Mr. Spiro was also a member of the American Association for 
the Advancement of Science and The Society of American Mili- 
tary Engineers. 

He married Bert Samuel, of Rochester, N.Y.. in 1911, and was 
survived by her and three daughters, Grace M. and Rosemary 
Spiro, and Virginia R. (Spiro) Franklin, and also two grandsons. 


A(LBERT) LENNOX STANTON (1880-1939) 


A(ibert) Lennox Stanton, consulting engineer, St. Austell, 
Cornwall, England, who became a member of the A.S.M.E. in 
1922, died, on November 24, 1939. 

Born at Leeds, Yorkshire, England, on October 11, 1880, sen 
of Allan Bernard Lennox Stanton, he was educated at the 
grammar school of Ripon, Yorkshire, and from 1897 to 1900 
served an apprenticeship, first in a government engineering 
works in the North Midlands and later with the London and 
North Western Railway. During the next three years he studied 
mechanieal and electrical engineering subjects at the Central 
Technical College, London, and at the University of London. 
Having obtained his diploma he went to Portsmouth, England, 
where he was assistant superintendent of equipment for the 
Municipal Electricity Department. 

In 1905 he left for the United States, and after holding the 
position of assistant engineer for the construction division of 
the New York Central Railroad, he joined the San Francisco 
Gas & Electric Co., by whom he was engaged on the salvaging 
of machinery and on reconstruction work after the earthquake 
and fire of 1906. Subsequently he was employed as an engineer in 
charge of construction of the Panama Canal. He became main- 
tenance engineer to the Southern Pacific Lighting & Power Co., 
California, in the same year, and in 1908 he was appointed in- 
specting and testing engineer to the New York Edison Company 
(power generation division). 

In 1909 he returned to England and joined the National 
Telephone Company as equipment engineer in the construction 
division, later being promoted to chief district electrician for 
South Wales. He was made a staff officer of the G.P.O. Engineer- 
ing Department in 1912, and held the position of acting chief 
engineering inspector for six years, during which he was in 
charge of many heavy construction works in South Wales, and 
laid a considerable amount of submarine cable. During 1918- 
1920 he was advisory technical engineer and works engineer to 
the Cosmos Engineering Company, of Bristol, one of the largest 
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works in the West of England manufacturing airplane engines. 
He directed the rearrangement of the works layout and installed 
special hydraulic plant and testing equipment for the Air 
Board. 

After a few months in 1920 as construction engineer on a 
large contract in the north of Ireland, he went to India, where 
he worked first for the Bombay Electric Supply & Tramways 
Co., Ltd., as deputy powerhouse superintendent. His duties 
embraced the entire responsibility for the generation and main- 
tenance of supply. In September, 1921, he received an appoint- 
ment to the Government of Bombay as a senior executive 
engineer (first grade) and was attached to the Ambernath 
Industrial Area Project of the Development Directorate, with 
the title of electrical and mechanical engineer. While occupying 
this position Mr. Stanton carried out important schemes for 
electric power generation, transmission, and distribution, and 
installed a large amount of electrical and mechanical plant 
equipment for locomotive workshops, waterworks. irrigation, 
and sewage disposal. In addition he was responsible for the 
testing and inspection of material used for these schemes. He 
also acted, with government sanction, as advisory engineer to 
the Poona Electric Supply Company. During 1923 he performed 
special inspection duties at waterworks and electric supply 
stations in the United Provinces, Delhi, and Baroda. 

It was during this period of his career that Mr. Stanton wrote 
a paper on “Railway Electrification With Special Reference to 
Indian Conditions” which in 1923 won the first premium prize 
given by The Institution of Electrical Engineers (London) to 
The Institution of Engineers (India). 

Mr. Stanton returned to England in 1926 and established his 
own practice as consulting engineer in the public utility field, 
dealing particularly with developments in the Orient. 

Among his other professional papers of outstanding merit 
was “The Railless or Trackless Trolley System,” delivered at 
Caleutta in 1927, which was awarded the highest engineering 
honor of The Institution of Engineers, the Viceroy’s Prize: “The 
Hydro-Electric Power Commission of Ontario.” delivered before 
the Overhead Lines Association in London in 1929; “Obseured 
Fundamentals in the Development of Integrated Electricity 
Supply.” delivered at Bristol University before the British 
Association for the Advancement of Science, 1930 (co-author, 
Theodore Stevens); and “The Place and Seope of Engineering 
in the Social Fabrice,” written at the special request of the 
Council of the International Faculty of Seiences as a first con- 
tribution on the subject. for publication in The Science Forum, 
vol. I, no. I, February, 1933. 

While in India. Mr. Stanton was special correspondent to the 
AS.M.E. Boiler Code Committee in connection with the Indian 
Boiler Regulations, and also collaborated with the Power 
Test Code Committee on Hydraulic Power Plants; he delivered 
a paper on “The Aim and Scope of the A.S.M.E. Power Test 
Code for Hydraulie Equipments,” at the Indian Engineering 
Congress held in Bombay in 1923, and one on “The British 
Standard Test Code for Hydraulic Power Plants” at the 1926 
Congress, Bombay. The latter was at the special request of 
the joint councils of The Institution of Mechanical Engineers and 
The Institution of Civil Engineers. 

Also while with the Bombay Government he made a number 
of comprehensive reports on various electric and water-supply 
undertakings: compiled a mechanical and electrical data refer- 
ence section for inclusion in a revised edition of the Public 
Works Department rate and specification handbook; and sub- 
mitted proposals subsequently embodied in new rules for licens- 
ing wiremen and electrical contractors in the City of Bombay. 

Mr. Stanton held membership in The Institution of Mechanical 
Engineers, The Institution of Electrical Engineers, The Insti- 
tution of Engineers (India), and the General Committee of the 
British Association for the Advancement of Science; and was 
a Fellow of the Faculty of Sciences and Royal Society of Arts. 
In 1932-1933 he was president of the Overhead Lines Associa- 
tion of Great Britain and the following year, as chairman of 
the Merger Committee, took part in the negotiations leading 
to the formation of a Transmission Section in The Institution 
of Electrical Engineers. He also served this institution as 
papers referee and was identified with its Overseas Committee. 
He took a great interest in the Channel tunnel project and gave 
evidence thereon before a Parliamentary Committee in 1939. 

Mr. Stanton was survived by his widow, the former Florence 
Jane Butler, whom he married in 1909—[Biography based in 
part on a memoir by THEODORE STEVENS published in the Pro- 
ceedings of The Institution of Mechanical Engineers, 1940.] 
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WILLIAM JORDAN SWEETSER (1874-1939) 


William Jordan Sweetser, head of the Department of Mechani- 
eal Engineering at the University of Maine since 1915, died at 
Orono, Maine, on October 16, 1939, after a brief illness. 

He was born at Saugus, Mass., on October 26, 1874, son of 
Albert Henry and Anne Penhallow (Jordan) Sweetser. After 
completing his early education in the public schools of Saugus 
and Malden, Mass., he attended the Cambridge (Mass.) Manual 
Training School and served an apprenticeship at the Thomson- 
Houston Electric Company, Lynn, Mass. Subsequently he worked 
for the Standard Electric Company, Chicago, I1l., 1894-1895, 
and Norton Iron Company, Everett, Mass., 1895-1897. He then 
entered the Massachusetts Institute of Technology, from which 
he was graduated in 1901 with an S.B. degree. 

After graduation he went with the Steel Cable Engineering 
Company, of Boston, Mass., as chief draftsman. He worked at 
the East Boston and Everett plants and during his two years 
with the company redesigned its coal- and ash-handling equip- 
ment. He secured a patent on a chain conveyor drive which he 
assigned to the company. 

Professor Sweetser began teaching at the Mt. Allison Uni- 
versity. Sackville, N.B., Can., where he was professor of mechani- 
eal engineering from 1903 to 1907. He introduced courses in 
shopwork, drawing, descriptive geometry, and kinematics. Dur- 
ing the year 1908-1909 he was professor of mechanical engi- 
neering pro tempore at the University of Vermont, in charge 
of the department. He then went to the Case School of Applied 
Science, where he was assistant professor of mechanical engi- 
neering until 1915, in charge of the mechanical laboratory and 
the steam-turbine and gas-engine courses. 

He joined the faculty at the University of Maine in 1915. He 
was in charge of vocational training of enlisted men at the 
university in 1918. He prepared the layouts for the Crosby 
Mechanical Laboratory and also for new mechanical shops, and 
selected their equipment. About three weeks before his death he 
announced that an appropriation had been secured for the 
completion of a wind tunnel at the university, the only one 
in the State of Maine. 

Professor Sweetser became a member of the A.S.M.E. in 1913. 
He also belonged to the American Association for the Advance- 
ment of Science, Society for the Promotion of Engineering 
Edueation, and Maine Association of Engineers, and to the 
Tau Beta Pi, Sigma Xi, and Phi Kappa Phi fraternities. He 
had served as a member of the Orono Chamber of Commerce. 

Professor Sweetser married Elizabeth Maudant, of Saugus, 
in 1901. 


HARRY ROBERT TAUBE (1879-1945) 


Harry Robert Taube, whose death occurred in New York, N.Y., 
on January 10, 1945, was a native of Russia. He was born at 
Mitau on January 30, 1879, son of Robert Taube. After gradu- 
ation from the polytechnical institute at Riga he was employed 
by the Kazan Railroad Company, Moscow, serving consecutively 
as assistant roundhouse foreman and then foreman; in the Engi- 
neering Department of the Locomotive and Car Department; 
secretary to the vice-president in charge of engineering; and 
assistant chief engineer of the Locomotive and Car Department. 
While secretary to Professor Noltein he assisted in designing and 
testing locomotives and cars and in investigations of the applica- 
tion of superheated steam in locomotives and the relations 
between wheel and rail in moving trains. 

After ten years with the Kazan company Mr. Taube became 
chief engineer of the Dvigatel Car Works, St. Petersburg and 
Reval. He was advanced to assistant general manager and subse- 
quently to general manager and vice-president. While general 
manager of the company, one of whose plants was located in 
Estonia, he was elected vice-president of the war industries board 
of that country and later served for two terms as vice-president 
of its manufacturers association. As its representative he was a 
delegate to the Fourth International Labor Conference held in 
Geneva in 1922, and subsequently he was an extra deputy member 
of the governing board of the International Labor Organization 
of the League of Nations. 

Mr. Taube came to the United States in 1923 and during the 
next few years was connected with the Production Department 
of the American Steel Company of Cuba (a subsidiary of the 
Pressed Steel Car Company), the Treadwell Engineering ‘Com- 
pany, New York, and Babcock & Wilcox Co., at Bayonne, N.J. 
From 1926 to 1944 he was with the Combustion Engineering 
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Company, New York, and since then he had been associated with 
the Engineering Research Office, North Atlantic Division, Corps 
of Engineers, U.S.A. 

Mr. Taube had been a member of the A.S.M.E. since 1930 and 
had been of considerable assistance to the headquarters office in 
the translation of foreign correspondence. At the time of the 
World Power Conference held in the United States in 1936, he 
was a member of a New York committee of engineers who 
greeted visitors from abroad on arrival at the Port of New York, 
and was helpful in extending greetings in the language of the 
delegates. He had contributed papers on locomotive engineering 
and on economic questions to German and Russian technical 
magazines, and after coming to the United States was the author 
of several articles on railroad engineering and economies, and of 
“Richard Arkwright and the Early Years of the Industrial Revo- 
lution,” published in Mechanical Engineering, October, 1932, and 
“James Watt, Engineer and Scientist,” which appeared in Com- 
bustion, January, 1936. He was a naturalized citizen of the 
United States, and a member of The Society of American Mili- 
tary Engineers. 


DIETER THOMA (1881-1942) 


Dieter Thoma, professor of hydraulic machinery, power plants, 
and fluid mechanics, director of the Hydraulic Institute of 
the Technical University of Munich, died on September 30, 
1942, after a long illness. 

Dr. Thoma was an outstanding authority in the field of 
hydraulics and fluid mechanies and we are indebted to him for 
important advances in engineering science. He had been in 
the United States a number of times for considerable periods, 
had lectured at the Massachusetts Institute of Technology, and 
had many friends in this country. 

He was born in Heidelberg, Germany, on December 26, 1881. 
He attended preparatory schools in Dorpat (Tartu), Estonia, 
and Magdeburg, Germany, then studied at the Vechnical Uni- 
versity at Hanover in 1902-1903, and the Technical University 
at Munich for the next three years, receiving the degree of 
Diplom Ingenieur in 1906, 

From 1906 to 1908 he was employed as mechanical engineer 
by the firm of Briegleb, Hansen & Co., at Gotha, Germany, manu- 
facturers of hydraulic turbines, governors, ete. He then. re- 
turned to the university at Munich as assistant to Prof. A. Fopp! 
in technical mechanics. In 1920 he was appointed professor of 
technical mechanics. The following year, upon the death of 
Dr. Rudolf Camerer, he succeeded him as professor of hydraulics 
and related subjects and director of the Hydraulic Institute. 
which had been built during the period 1911-1914 under the 
direction of Dr. Camerer. Some of the experimental work 
conducted at the Institute was described by Dr. Thoma in a 
contribution to the V.D.I.’s “Die Wasserbaulaboratorien 
Europas,” the American edition of which, “Hydraulie Labora- 
tory Practice,” was published by the A.S.M.E. in 1929 under the 
editorship of John R. Freeman. A list of other technical publi- 
cations by Dr. Thoma during the years 1907-1926 accompanied 
this article. 

During his first years at Munich Dr. Thoma had remained 
in touch with Briegleb, Hansen & Co. and in 1910 helped the 
company form a department for the design of governors, which 
he directed for ten years, until the company was absorbed by 
the firm of Fritz Neumeéyer Aktiengesellschaft in 1921. He 
also became chief of the testing department in January, 1913. 
A new testing laboratory was built, according to his plans. 
during the next two years. After 1915 he was appointed 
superintendent of all the offices of the firm, for the design of all 
kinds of water-power machinery and water-power plants, at 
the same time remaining chief engineer of the governor and 
testing departments. 

In 1923 Dr. Thoma was commissioned by the Finshyttan 
Aktiebolaget, Finshyttan, Sweden, to make the complete design 
of the very large governors for the Lilla-Edet plant. He 
was also technical adviser for water-power companies. Through: 
out his career he was continuously engaged in theoretical and 
experimental research. 

His many technical papers and discussions are characterized 
by an intuitive grasp of fundamental relations, a reduction of 
complex problems to their essentials, and the development o! 
clear principles stated in simple and useful form. An early 
paper, “Contribution to the Problem of the Surge Tank,” was 
followed by numerous publications, such as “Investigation of 
Stresses in Pipe Lines With Thin Walls,” “Investigation 0! 
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Cavitation in Hydraulic Turbines and Pumps,” an analysis of 


the Gibson method of measuring discharge, experiments on the 
flow in centrifugal pumps, and many other contributions. His 
influence is evidenced by the long series of investigations by 
various authors published in the bulletins of the Hydraulic 
Institute. 

His studies of the important subject of cavitation presented 
at the Hydraulic Conference at Géttingen, 1925, and in his paper, 
“Experimental Research in the Field of Water Power” at 
the first World Power Conference at London, 1924, developed 
a simple law for the critical conditions inducing cavitation, 
expressed in the form of .a dimensionless criterion, the Thoma 
cavitation factor sigma. 

Dr. Thoma became a member of the A.S.M.E. in 1925. He 
had served as an associate-member of the Committee on Water 
Hammer of the Hydraulic Division since 1936, representing 
Germany and the V.D.I. He belonged to various other technical 
societies in Germany. 

A man of strong convictions, but with modesty and simplicity 
of character, he was always generous and careful to express 
appreciation of the contributions of others——[Biography pre- 
pared with the assistance of L. J. Hooper, Roserr Lowy, 
and Lewis F. Moopy, Mems. A.S.M.E. Based in part on an 
obituary in the V.D.I. Zeitschrift, vol. 87, no. 17/18, May 1, 
1943.] 


AMASA TROWBRIDGE (1870-1939) 


Amasa Trowbridge, Eastford, Conn., who had been in ill health 
since 1934, died on April 14, 1939. He was born in Hartford, 
Conn., on November 10, 1870, a son of Elisha and Agnes (Brown) 
Trowbridge. A sister, Cornelia Burton, and a brother, E. Grant 
Trowbridge, survived him. 

Mr. Trowbridge attended the public schools of New Haven, 
Conn., preparing for college at the Hillhouse High School. He 
was graduated from the Sheffield Scientific School, Yale Uni- 
versity, in 1891, with a Ph.B. degree. 

During college vacations Mr. Trowbridge had some drafting- 
room and shop experience at the Colt’s Patent Fire Arms Com- 
pany, Hartford, and the Mathushek Piano Company, West Haven, 
Conn., with which his father, an iron founder, was associated. 
Following his graduation he was employed successively as drafts- 
man by C. B. Cottrell & Sons, manufacturers of printing presses, 
Westerly, R.I.; mechanical engineer, superintending buildings 
and grounds, Connecticut Hospital for Insane, Middletown, 
Conn.; designer, General Electric Company, Lynn, Mass., and 
Winchester Repeating Arms Company, New Haven; and con- 
struction engineer, Pope Tube Works, Hartford. 


In 1896-1897 he was engaged in consulting work and was in- © 


structor in mechanical drawing at the Boardman Manual Train- 
ing High School, New Haven. Also, in October, 1896, he enlisted 
in the Naval Battalion, Connecticut National Guard, as fireman. 
He was promoted to chief engineer and lieutenant commanding 
an Engineer Division in November, 1897, and in June of the 
following year was commissioned passed assistant engineer, with 
the rank of lieutenant (j.g.), U.S. Navy. He served as chief 
engineer aboard the U.S.S. Catskill until his discharge in Sep- 
tember, 1898. 

Following his discharge he was designer for William Cramp & 
Sons, Philadelphia, Pa., in 1898-1899, then became an instructor 
in mechanical and marine engineering at Lehigh University, 
Easton, Pa., where he remained until 1903, when he went to 
Columbia University as adjunct professor of mechanical engineer- 
ing. In 1906-1907 he was salesman and engineer for the Non- 
pareil Cork Manufacturing Company, New York, N.Y., after 
which he was works manager for the Veeder Manufacturing 
Company, Hartford, for some six years. He was president and 
manager of the Rhodes Manufacturing Company, Hartford, 1913— 
1915, and during the next two years was division superintendent 
of the Remington Arms & Ammunition Co., Bridgeport, Conn. 

Mr. Trowbridge was commissioned a major in the Ordnance 
Department, U.S. Army, in June, 1917, and served as first assis- 
tant works manager of the Watervliet Arsenal until June, 1919. 

Returning to private industry, he was works manager for the 
H. L. Raphael’s Refinery in London, England, from 1919 to 1922. 
The following year he was secretary for education, National 
Industrial Conference Board, New York, N.Y., and subsequently 
he was appraisal engineer for Day & Zimmerman, Philadelphia, 
chief engineer for the Sesamee Company, Hartford, securities 
salesman, Cities Service Company, Hartford, and supervising 
engineer of the Willimantic (Conn.) Airport. 

A contributor to the technical press, Mr. Trowbridge also, in 
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1905-1906, translated “Mechanics of Air Machinery,” by Julius 
Weisbach and Gustav Hermann, assisted in the revision of the 
Century Dictionary, and revised articles on mechanical and 
marine engineering for the New International Encyclopedia and 
Nelson’s Encyclopedia. 

He became a junior member of the A.S.M.E. in 1892 and a 
member in 1903. He also belonged to the Society of Automotive 
Engineers, Society of Naval Architects and Marine Engineers, 
American Society of Naval Engineers, New England Society of 
Naval Engineers,. Yale Engineering Association, and the Sigma 
Xi and masonic fraternities. 

In 1900 he married Miss Mary C. Bishop, of North Haven, 
Conn., who survived him. 


WILLIAM ANGELL VIALL (1861-1939) 


William Angell Viall, vice-president of the Brown & Sharpe 
Manufacturing Co., Providence, R.I., died on October 24, 1939. 
He was born in Attleboro, Mass., on October 26, 1861, son of 
Richmond and Eliza Nelson (Cole) Viall. He attended public 
schools in Providence and studied at the universities of Leipzig 
and Tiibingen, Germany, for two years. He studied at Brown 
University for a time with the Class of 1884, worked as a phar- 
macist for a number of years, and was instructor in pharmaceuti- 
cal chemistry at Cornell University, 1888-1890. 

His association with the Brown & Sharpe Manufacturing Co. 
began in 1890. After a few years of shop work he was appointed 
superintendent of the Small Tool Department, to organize and 
develop it. In 1901 he was made head of the Sales Department, 
in 1906 secretary of the company, and in 1924, vice-president. 

He had also served as president of the Wilcox & Gibbs Sewing 
Machine Co., Metropolitan Sewing Machine Corporation, and 
Blackstone Canal National Bank; director in the Gorham Manu- 
facturing Company, Providence-Washington Insurance Company, 
and Anchor Insurance Company; and president of the National 
Machine Tool Builders’ Association. He had been treasurer of 
the Providence Y.M.C.A. and a member of the executive com- 
mittee of the Providence Council of Social Agencies. 

He received an honorary A.M. degree from Brown University 
in 1918, and that of Doctor of Pharmacy in 1936. ; 

Mr. Viall became an associate of the A.S.M.E. in 1902 and 
took an active part in the work of the Society, serving as a 
member of the Safety Codes Committee from October, 1921, 
to December, 1922, and on the Subcommittee on Metal Cutting 
Data of the Special Research Committee on Cutting of Metals 
from August, 1932, to July, 1935. 

He was survived by his widow, Harriet E. (Warner) Viall, 
formerly of Medina, Ohio, whom he married in 1891, a son, 
Richmond, and a daughter, Virginia (Viall) MacLeod. 


JAMES JOHN WAGNER (1872-1942) 


James John Wagner, a member of the A.S.M.E. since 1922, 
died on January 9, 1942, in Washington, D.C., where he was in 
government employ as utilities engineer analyst (expert) for the 
Securities and Exchange Commission. 

Mr. Wagner was born in Breslau, Germany, on September 25, 
1872, son of David N. and Cecily Wagner. He attended the 
tymnasium of St. Elizabeth in Breslau, receiving a B.Sc. (cum 
laude) degree in 1892, and then entered the university at Berlin- 
Charlottenburg, where he secured M.E. and E.E. degrees in 1897. 
He was employed by the Berlin office of the General Electric 
Company and by the Bergmann Electric Company on the design, 
construction, and testing of electrical machinery and apparatus 
until the fall of 1898, and during the next four years was assis- 
tant to Dr. Gisbert Kapp in his classes at the university and 
also in the writing of books on electrical subjects, editing the 
Elektrotechnische Zeitschrift, and in consulting work for the 
state and municipalities. 

From 1902 to 1905 he was chief engineer and manager at the 
Electrical Works, Leeds, England, designing, manufacturing, and 
testing electrical machinery, and then held a similar position 
with Wilson Hartnell & Co., Ltd., at its Volt Works in Leeds, 
where he reorganized manufacturing methods and designed new 
machinery and products to build up the business. For two years, 
1908-1910, he was chief engineer for the A.E.G. Electric Co., 
London (Allgemeine Electricitits Gesellschaft, Berlin), super- 
vising the electrification of industrial plants, installation of 
public utility equipment, and similar work. From 1906 to 1910 
he was also consulting engineer for the Diamond Coal Cutter 
Company, Bramley, Yorkshire, England, in connection with the 
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designing of new colliery and hoisting machinery, and its installa- 
tion and use. 

At the beginning of 1911 Mr. Wagner became associated with 
the British Westinghouse Electric & Manufacturing Co., Ltd., in 
Manchester, England, serving first as manager of the general 
engineering department, later as traction expert for the export 
department. As World War I interfered with this work, he was 
transferred to Pittsburgh, Pa., where he assisted in several de- 
partments until June, 1916. He then took the position of 
mechanical and electrical engineer for the New York Central 
Railroad Company, in charge of the design and construction of 
improved facilities at the Grand Central Terminal in New York. 
He continued in this work until 1920, when he became chief 
engineer for the Electric Transport Co., Ltd., New York, where 
he developed the straight-line motion (induction principle) trans- 
portation system and built a model installation to demonstrate 
applications of its use. 

For thirteen years, beginning in 1922, Mr. Wagner was con- 
nected with the Henry L. Doherty Co., New York, as mechanical, 
electrical, and research engineer, working on the design, con- 
struction, and operation of electric, gas, oil, and related proper- 
ties, and carrying on research in connection with such develop- 
ments. 

He entered federal service in 1935 as engineer examiner in the 
Federal Administration of Public Works, in the power division, 
and transferred to the Securities and Exchange Commission 
in 1938. 

In the course of his work Mr. Wagner took out patents on the 
ventilation of electrical transformers, double commutator ma- 
chines, automatic self-leveling wagon hoists, depth indicators for 
alternating-current mine hoists, and economic speed control for 
induction motors His writings were chiefly reports for the com- 
panies for which he worked. He became a naturalized citizen of 
the United States in 1922. 

Mr. Wagner’s wife, Ada Louise Gordon, of Cambridge, En- 
gland, whom he married in 1915, died in 1934. A son, Thomas 
Charles Gordon Wagner, of Washington, D.C., survived them. 


HENRY AUGUSTUS WOLCOTT (1866-1941) 


Henry Augustus Wolcott, only son of Peter A. and Harriet 
(Breed) Wolcott, was born at Lynn, Mass., on August 6, 1866, 
in the home of his mother’s parents. The Wolcotts were then 
living in Eatontown, N.J., but later moved to East Orange, N.J., 
where he attended private and public schools. After leaving high 
school he worked for L. H. Johnson on bicycle repairs for a 
while, but decided to continue his education and entered the 
Stevens Institute of Technology. He was described in the Morton 
Memorial Volume of the Institute as “one of the more serious 
students, able in his work, popular with his classmates, and an 
excellent athlete, representing the college at the intercollegiates 
in the two-mile bicycle.” 

Following his graduation as a mechanical engineer in 1891 he 
was employed by Frank McSwegan & Son, New York, N.Y., on 
engines and boilers, making out specifications and estimates for 
plants on which the company bid. Then he was draftsman for the 
Link Belt Engineering Company in the New York office, where 
a Stevens classmate, John Darby (Mem. A.S.M.E.) was also 
employed. 

Late in 1892 Mr. Wolcott and Mr. Darby opened an engineer- 
ing office in Hartford, Conn. The job of making a topographical 
map of the City of Hartiord and running lines and levels for the 
intercepting sewer helped to establish them in business, and other 
work came to them in the form of various mechanical and civil 
engineering projects. The Pope Manufacturing Company, Hart- 
ford, retained them to erect a new tube mill, and they received 
the electrical contract for this plant, and also equipped the main 
office building with electricity. In 1896 Mr. Darby entered the 
employ of the Pope company, and Mr. Wolcott gave more time 
to the design and erection of factories and business buildings. 
The Troop B Armory in West Hartford and the factory and 
oftice buildings for the American Chain Company in Bridgeport 
were two of the projects he designed and supervised, and this 
type of work occupied most of the remainder of his active 
business life. 

After buying his home on New Britain Avenue in West Hart- 
ford in 1907 he was elected second selectman, and from then on 
he served on various boards of the town in which he had lived 
since 1898. He was on the finance board for four years, the 
zoning commission for two years, and the school board for nine 
years. During his term on the school board many of the present 
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also represented West Hartford for two terms in the Connecticut 
State Legislature. Later, appointed to the Hartford County 
Building Commission, he helped select the plans for the County 
Court House, and for two years until its completion in 1929 he 
supervised the erection of that building. 

Soon after this a serious operation caused his retirement from 
active work and affected his health for the last twelve years of 
his life. However, he could still serve his community as a member 
of the Special Sewer Committee and was appointed to work with 
R.N. Clark and C. J. Bennett on the allotment to West Hartford 
of its share of the cost of construction and operation of the 
Metropolitan District sewage disposal system. 

He enjoyed all this work for his town and state even more than 
his professional work and gave freely of his time in working out 
public problems. 

Two periods in his long record of construction work interested 
him greatly. During the first period from 1898 to 1903 he was 
doing experimental work on atmospheric resistance, high-speed 
bearings, ete., for a high-speed railroad planned by George J, 
Capewell. At the end of this time a disastrous fire occurred at 
the Capewell Horse Nail Factory where the experiments were 
being carried on and all his work was destroyed. The general 
public had scarcely heard the term “streamlining” at the time 
these extensive experiments were being made. 

The second period was the year that he spent as works manager 
of the Whitlock Coil Pipe Company, of Elmwood, a section of 
West Hartford. Later a fire destroyed most of the buildings of 
this plant and he erected three large new ones to replace them. 

Mr. Wolcott became a member of the A.S.M.E. in 1897 and of 
The Connecticut Society of Civil Engineers, Inc., two years later. 
He belonged to the Elmwood Community Church. 

In 1895 Mr. Wolcott married Susan Lawrence and he was sur- 
vived by her, three sons, Henry Freeman, Lawrence, and Richard 
Breed Wolcott, a daughter, Ruth Wolcott, and several grand- 
children. He died on July 12, 1941, at his home in West Hart- 
tord.—| Adapted from memoir prepared by Frepertck B. CHam- 
BERLIN, West Hartford, Conn., and published in the Fifty-Kighth 
Annual Report (1942) of The Connecticut Society of Engineers, 

Inc., page 256. | 


FREDERICK WILLIAM WOOD (1857-1943) 


Frederick William Wood, whose death occurred in Baltimore, 
Md., on December 23, 1943, had been a member of the A.S.M.E. 
for thirty years. His long career as an engineer, metallurgist, 
and industrialist was characterized by distinguished accomplish- 
ments. His activities continued until his eighty-sixth year, when 
he died after a brief illness. 

Born in Lowell, Mass., on March 16, 1857, he was the son of 
William and Elizabeth French (Kidder) Wood. In 1884 he 
married Caroline Peabody Smith of Quincy, Mass. 

In 1877 he was graduated with a degree of S.B. from the 
Massachusetts Institute of Technology. In that year he began his 
career in the steel industry when he became associated with the 
Pennsylvania Steel Company’s plant at Baldwin (now Steelton), 
Pa. For three years he was in the open-hearth department and 
was then placed in charge of the blast-furnace department. He 
was advanced to assistant superintendent, superintendent, gen 
eral manager, and second vice-president. 

When the Pennsylvania Steel Company in 1885 determined to 
secure a tidewater location for a steel plant where shipments of 
ore from Cuba could be rade by water transport, the selection 
of the seaboard site was assigned to Mr. Wood. The property 
chosen was at Sparrows Point, near Baltimore. Two blast fur- 
haces were immediately built at the tidewater site and within 
two years there had been constructed additional blast furnaces. 
a Bessemer steel plant, and rolling mills for the manufacture of 
steel rails and billets. It was later said that the sun never sets 
on steel rails from Sparrows Point, use of them having been 
made in countries throughout the world. 

With the incorporation of the Maryland Steel Company, which 
developed the Sparrows Point plant, Mr. Wood was elected presi 
dent. He served in that capacity from 1891 to 1916. In the 
latter year the property was purchased by the Bethlehem Stee! 
Company, Mr. Wood continuing to direct it until 1918. ‘The 
Sparrows Point plant, on the site personally selected by Mr. 
Wood and developed under his direction for more than a quarter 
of a century, is today the world’s largest tidewater steel works. 
Mr. Wood designed, invented, and put into successful operation 
a number of devices now used in the steel industry and intro- 
duced many improvements that were reflected in the physical 
and financial operations of companies engaged in the manufacture 
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of steel, notably the method, still in general use, of casting ingots 
in molds mounted on cars. 

From 1918 to 1921 Mr. Wood was vice-president of the Ameri- 
can International Shipbuilding Corporation, engaged in the build- 
ing of ships at Hog Island during World War I. He was a 
member of the Claims Commission of the U.S. Shipping Board, 
Emergeney Fleet Corporation, 1921-1923. 

At the time of his death Mr. Wood was a director of the 
Pennsylvania Water & Power Co., Safe Harbor Water Power 
Corporation, Consolidated Gas Electrie Light & Power Co. of 
Baltimore, and the Savings Bank of Baltimore, and chairman of 
the board of directors of: the Eastern Rolling Mill Company, 
Baltimore. 

Mr. Wood was a trustee of the Johns Hopkins University, 
having served continuously since his election to that board in 
1913. For practically all of that period he had been a member 
of the Executive Committee, and one of the most active members 
of the Building Committee. For the period 1906-1911 Mr. Wood 
was a term-member of the Massachusetts Institute of Technology 
Corporation. Also he was a director of the Maryland Institute. 

Mr. Wood was a member of the American Institute of Mining 
and Metallurgical Engineers, American Society of Naval Archi- 
tects and Marine Engineers, American Lron and Steel Institute, 
and American Association for the Advancement of Science. He 
was one of the three honorary members of the Engineers Club of 
Baltimore. Mr. Wood was chairman of the Rail Manufacturer's 
Technical Committee of the American Tron and Steel Institute. 

During his long and active career in Baltimore, Mr. Wood 
made very substantial contributions to the industrial and cultural 
developments of the city. He brought to many important activi- 
ties vision, integrity of thought and purpose, sound judgment 
founded on his experience and his careful consideration of prob- 
lems to the solution of which he gave painstaking analysis. On 
the directorates on which he served he kept himself thoroughly 
informed concerning the details of the companies with which he 
was associated. His presence and punctuality in attendance at 
the meetings of the boards of which he was a member were 
proverbial. His activities were closely interwoven with the 
fabrie of Baltimore’s community life and are enduring to a 
marked degree. 

In January, 1943, Mr. and Mrs. Wood celebrated their fifty- 
ninth wedding anniversary. Mrs. Wood died on February 24, 
1943, ten months before the death of Mr. Wood. Surviving 
children were: Frederick Brayton, Dorothy, Elizabeth (Mrs. 
Clarke Farwell Freeman), Helen, Caroline (Mrs. Carl Billings 
Willard), and Richard Minot—T[ Biography prepared by ARTHUR 
W. Hawks, Pennsylvania Water & Power Co., Baltimore, Md.] 


JAMES WILLIAM WRIGHT (1909-1940) 


James William Wright, fermenter operator for Hiram Walker 
& Sons, Inec., Peoria, Hl., died in that city on June 27, 1940. He 
was the son of James William and Amanda Jane Wright. and 
was born at Monroe, La., on October 19, 1909. He attended high 
school in Pittsfield, Ill. and received a B.S.M.E. degree from 
the University of Ilinois in 1935. Prior to his association with 
Hiram Walker & Sons, Inc. he had served as a salesman for the 
Standard Paste & Glue Co., Chieago, Ill, and had been an ap- 
prentice with Steel & Tubes, Ine., Cleveland, Ohio. 

Mr. Wright was a member of the A.S.M.E. Student Branch at 
the University of Illinois, and became a junior member of the 
Society in 1935. He belonged to the masonic fraternity. 

He was survived by his widow, Elizabeth (Boyd) Wright. 
whom he married in 1938. 


GILBERT AMOS YOUNG (1872-1943) 


The death of Gilbert Amos Young, a member of the A.S.M.F. 
since 1906, occurred on June 27, 1943, at the home of his son at 
Walled Lake, Mich. 

Born in Owosso, Mich., on June 24, 1872, son of Amos Gould 
and Mary (Alling) Young, he was taken to South Dakota while 
quite young, was graduated from tne high school at Brookings, 
and from the engineering course at South Dakota State College 
of Agriculture and the Mechanie Arts, in 1894, and at once began 
his teaching career as instructor in drawing and shopwork in that 
Institution. His long vacations, which came in the winter, were 
spent at Purdue where he received the B.S.M.E. degree with the 
Class of 1899 and immediately became an instructor in the 


Purdue mechanical engineering school, which connection he re- 
tained until his retirement in 1942. In 1903 he received the M.E. 
degree at Purdue and in 1910 the M.M.E. degree from Harvard, 
after a year of resident graduate work at that institution. 

In 1912 Professor Young became the head of the mechanical 
engineering school at Purdue, which position he held until Febru- 
ary 1, 1941. when he was relieved of administrative duties 
because of failing health. He retired on July 1, 1942. 

Professor Young was primarily a teacher: all other activities 
were subsidiary and were unhesitatingly put aside when his 
teaching effectiveness seemed in jeopardy. His research activi- 
ties, his consulting practice. even his gol, which he dearly loved, 
were rigorously subordinated to his one life work: teaching. 
When he stepped before a class he experienced a thrill, an uplift, 
not to be found elsewhere. His teaching method was that of 
friendliness. To every student he was a friend, a personal inti- 
mate friend, not for a day or a term only, but for life. So today 
thousands regret the passing of a friend, one dependable in time 
of bewilderment or trouble. 

As head of the Purdue school of mechanical engineering Pro- 
fessor Young considered every mechanical engineering student as 
“his boy” and through the years made it a point to know per- 
sonally each graduating mechanical: his name, nickname, family 
circumstances, sports or other hobby interests. and_ scholastic 
success. He arranged to have every senior in at least one of his 
own classes, a simple thing at first but accomplished with increas- 
ing difficulty and labor as the number of graduating seniors in- 
creased to more than three hundred. Such investments in friend- 
liness paid rich dividends in student loyalty, both group and 
individual, and for years Professor Young was the faculty mem- 
ber most in demand by alumni groups throughout the country. 

As administrative head of the mechanical engineering school 
Professor Young was still the teacher and friend. He accepted 
the humdrum work of budget making, committee meetings, ac- 
counting, and routine correspondence that he might be in position 
to help “his boys” both in and out of the university. 

Catholicity of interests made his life particularly rich and 
satisfying. He guided research in many lines with wise counsel 
and, himself, became the leading authority in locomotive fire 
hazards; he was the author of a number of papers and books on 
steam turbines, gas engines, thermodynamics, and other engineer- 
ing subjects; he participated in competitive sports, baseball in 
undergraduate days and golf in more mature years. He had a 
close and intimate knowledge of all college sports and when 
possible accompanied the athletic teams on their trips. For many 
years he was a member of the Faculty Athletic Committee and 
was its chairman his last two years. Mutual interest in Purdue 
athletics was usually the foundation of the close understanding 
between Professor Young and his students. 

So friendly a man belonged to many organizations as a matter 
of course. The list is long and the honors he received were many. 
However, his greatest enjoyment and interest centered in those 
with student membership such as his fraternity (Phi Gamma 
Delta), Tau Beta Pi, Pi Tau Sigma, Sigma Xi, and the Student 
Branch of the A.S.M.F. 

He was married in 1902 to Berdella J. Keith, his boyhood 
sweetheart, who died in 1937. Their interests in church, eduea- 
tional, and community work were mutual and both delighted in 
extending hospitality to their host of friends, old and young. One 
son, Ronald Keith, and two grandchildren survived them.— 
| Biography prepared by George W. Munro, Purdue University, 
West Lafayette, Ind.] 


ABRAHAM SIDNEY ZEBINE (1915-1944) 


Abraham Sidney Zebine was born on March 10, 1915, in Phila- 
delphia, Pa., son of Max and Becky Zebine. He entered the 
University of Pennsylvania from the West Philadelphia High 
School and was graduated with a B.A. degree in 1934. He 
secured a B.S. degree from the university in 1940. He was 
transferred from a student member to a junior member of the 
A.S.M.E. in that same year. 

Mr. Zebine was employed as a junior marine engineer in the 
design section of the Industrial Department at the Navy Yard, 
Philadelphia, prior to entering the United States Army. He 
was serving as a private in the Coast Artillery Corps at the 
time of his death on May 10, 1944, at the Lovell General Vos- 
pital, Fort Devens, Mass. 
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(B16.10—1939), $0.55 

Ferrous Plugs, Bushings, Lock Nuts, and Caps (B16.14—1943), $0.40 

Malleable-Iron Screwed Fittings for 150 Lb Maximum Saturated 
Steam Pressure (B16c—1939), $0.50 

Pipe Plugs (B16e2—1936), $0.35 

Pipe Threads (B2.1—1945), $1.25 

Scheme for the Identification of Piping Systems (A13—1928), $0.50 

Steel Pipe Flanges and Flanged Fittings for 150 to 2500 Lb Maximum 
Steam Service Pressure (B16e—1939), $1.25 

Soldered-Joint Fittings (A40.3—1941), $0.45 

Steel Butt-Welding Fittings (B16.9—1940), $0.40 

Threaded Cast-Iron Pipe for Drainage, Vent, and Waste Services 
(A40.5—1943), $0.25 

Wrought-Iron and Wrought-Steel Pipe (B36.10—1939), $0.50 
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LETTER AND GRAPHICAL SYMBOLS AND CHARTS 


Abbreviations for Scientific and Engineering Terms (Z10.1—1941), 
$0.35 

Drawings and Drafting-Room Practice (Z14.1—1935), $0.50 

Engineering and Scientific Charts for Lantern Slides (Z15.1—1932), 
$0.50 

Engineering and Scientific Graphs for Publications (Z15.3—1943), 
$0.75 

Graphical Symbols for Use on Drawings in Mechanical Engineering 
(Z32.2—1941), $0.50 

Letter Symbols for Gear Engineering (B6.5—1943), $0.25 

Letter Symbols for Hydraulics (Z10.2—1942), $0.35 

Letter Symbols for Mechanics of Solid Bodies (Z10.3—1942), $0.25 

Letter Symbols for Heat and Thermodynamics (Z10c—1943), $0.35 

Time Series Charts (Z15.2—1938), $1.25 


AMERICAN STANDARDS— MISCELLANY 


Fire-Hose Coupling Screw Threads (B26—1925), $0.25 

Hose Coupling Screw Threads (B33.1—1935), $0.25 

Indicating Pressure and Vacuum Gages (B40—1939), $0.40 

Preferred Thickness for Uncoated Thin Flat Metals (B32.1—1941), 
$0.25 

Rolled Threads for Screw Shells of Electric Sockets and Lamp Bases 
(C44—1931), $0.35 

Gear Tolerances and Inspection (B6—1945), $0.65 

Preferred Standards for Large 3600-Rpm 3-Phase 60-Cycle Condens- 
ing Steam Turbine-Generators (published 1945), $0.25 

Shaft Couplings (B49—1932), $0.35 

Spur Gear Tooth Form (B6.1—1932) $0.45 
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Machine Tapers (B5.10—1943), $0.60 

Milling Cutters (B5c—1930), $0.75 

Reamers (B5.14—1941), $0.75 

Taps—Cut and Ground Threads (B5.4—1939), $1.25 

Terminology and Definitions for Single-Point Cutting Tools (B5.13— 
1939), $0.40 

Adjustable Adapters (B5.11—1937), $0.50 

Chucks and Chuck Jaws (B5.8—1936), $0.45 

Circular and Dovetailed Forming Tool Blanks and Holding Elements 
(B5.7—1943), $0.50 

Shafting and Stock Keys (B17.1—1943), $0.45 

Markings for Grinding Wheels (B5.17—1943), $0.25 

Involute Splines, Side Bearings (B5.15—1939), $0.65 

Jig Bushings (B5.6—1941), $0.35 

Lathe Spindle Noses (B5.9—1936), $0.50 

Spindle Noses and Arbors (B5.18—1943), $0.25 

Rotating Air Cylinders and Adapters (B5.5—1932), $0.35 

Tool Holder Shanks Tool Post Openings (B5.2—1943), $0.35 

Tool Life Tests (B5—1945), $0.40 

T-Slots, Their Bolts, Nuts, Tongues, and Cutters (B5a—1941), $0.35 

Twist Drills (B5.12—1940), $0.55 

Code for Design of Transmission Shafting (B17c—1927), $0.75 

Shafting and Stock Keys (B17.1—1934), $0.45 

Screw Threads for Bolts, Nuts, Machine Screws, and Threaded Parts 
(B1.1—1935), $0.60 

Screw Threads for High-Strength Bolting (B1.4—1945), $0.25 

Screw Thread Gages and Gaging (B1.2—1941), $0.60 

Acme and Other Translating Threads (B1.3—1941), $0.45 

Tolerances, Allowances, and Gages for Metal Fits (B4a—1925), $0.50 

Woodruff Keys, Keysiots, and Cutters (B17f—1930), $0.35 


BOILER CONSTRUCTION CODE 


1943 Editions: with 1944-1945 Addenda 
Locomotive Boiler Code, $0.75 
Low-Pressure Heating Boiler Code, $0.75 
Miniature Boiler Code, $0.50 
Power Boiler Code, $2.25 
Specifications for Materials, $3.00 
Suggested Rules for Power Boilers, $1.00 
Unfired Pressure Vessel Code, $1.50 
Welding Qualifications, $0.65 

Boiler Code Interpretation Service, $5.00 annually 

API-ASME Code for Unfired Pressure Vessels 
1943 Edition, with 1944 Supplement, $1.25 


TRANSACTIONS OF THE A.S.M.E. 


POWER TEST CODES AND AUXILIARY SECTIONS 
Test CopEs FoR 


Atmospheric Water-Cooling Equipment (1930), $0.45 

Coal Pulverizers (1944), $0.70 

Displacement Compressors, Vacuum Pumps, and Blowers (1939), 
$0.75 

Dust Separating Apparatus (1941), $0.90 

Evaporating Apparatus (1941), $0.50 

Feedwater Heaters (1927), $0.35 

Gaseous Fuels (1944), $0.75 

Gas Producers (1928), $0.55 

Hydraulic Prime Movers (1938 with 1942 Addenda), $0.60 

Internal-Combustion Engines (1930), $0.55 

Reciprocating Steam-Driven Displacement Pumps (1927), $0.65 

Reciprocating Steam Engines (1935), $0.65 

Refrigerating Systems (1927), $0.55 

Solid Fuels (1931), $0.55 

Speed-Responsive Governors (1927), $0.45 

Steam Condensing Apparatus (1938), $0.65 

Steam Locomotives (1941), $0.55 

Steam Turbines (1941), $2.50 

Appendix to Test Code for Steam Turbines (1943), $1.50 


AUXILIARY SECTIONS 


yeneral Instructions (1945), $0.45 
Definitions and Values (1945), $0.80 
Part 1 — General Considerations (1935), $0.35 
Part 2 — Pressure Measurement 
Chapter 1, Barometers; Chapter 6, Tables, Multipliers, and 
Standards (1941), $0.60 
Chapter 4, Bourdon, Bellows, Diaphragm, and Deadweight 
Gages (1938), $0.65 
Chapter 5, Liquid Column Gages (1942), $0.75 
Part 3 — Temperature Measurement 
Chapter 1, General; Chapter 5, Pyrometric Cones; Chapter 
6, Liquid-in-Glass Thermometers; and Chapter 7, Bour- 
don-Tube Thermometers (1931), $0.75 
Chapter 2, Radiation Pyrometers (1936), $0.55 
Chapter 3, Thermocouple Thermometers or Pyrometers 
(1940), $0.65 
Chapter 4, Resistance Thermometers (1945), $0.80 
Chapter 8, Optical Pyrometers (1940), $0.35 
Part 4— Head Measuring Apparatus (1933), $0.35 
Part 5— Chapter 4, Flow Measurement by Means of Standardized 
Nozzles and Orifice Plates (1940), $2.75 
Part 6—Electrical Measurements (1934), $1.25 
Part S8—Measurement of Indicated Horsepower (1941), $0.75 
Part 9—Heat of Combustion (1943), $0.40 
Part 11—Determination of Quality of Steam (1940), $0.45 
Part 12—Measurement of Time (1942), 0.40 
Part 13—Speed Measurements (1939), $0.45 
Part 14—Linear Measurements (1936), $0.55. 
Part 15— Measurement of Surface Areas (1937), $0.75 
Part 16—Density Determinations (1931), $0.30 
Part 17—Determination of the Viscosity of Liquids (1931), $0.45 
Part 18—Humidity Determinations (1932), $0.50 
Part 20—Smoke-Density Determinations (1945), $0.65 
Part 21—Leakage Measurements (1942), $0.60 


RESEARCH 
Fluid Meters: 


Part 1—Theory and Application (1937), $3.00 
Part 3—Selection and Installation (1933), $1.50 


Report of the A.G.A.-A.S.M.E. Committee on Orifice Coefficients a 
(1935), $2.75 
Tests on Electrical Equipment for Drilling Rotary Drilled Oil Wells | 


(1933), $0.85 

Tests on Steam Equipment for Drilling Rotary Drilled Oil Wells 
(1932), $0.85 

Bibliography on Aircraft Plywood (1944), $1.00 


Bibliography on Management Literature and Supplement (1903- P 
1935), $2.75 


Bibliography on Marketing Research (1935), $1.00 
Bibliography on the Cutting of Metals (published 1945), $6.50 


Riveted Joints—A Critical Review of the Literature Covering Their Fy 
Development, with Bibliography and Abstracts of the Most ee 
Important Articles (Published 1945), $4.50 + 


Sources of Information on Instruments (published 1945), $0.75 
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SOCIETY RECORDS 


SAFETY CODES 


Safety Code for Cranes, Derricks, and Hoists (B30.2—1943), $1.50 

Safety Code for Elevators (A17.1—1937 with 1942 Supplement), $1.25 

Elevator Inspectors’ Manual (A17.2—1945), $1.25 

Safety Code for Jacks (B30.1—1943), $0.30 

Safety Code for Mechanical Power-Transmission Apparatus (B15— 
1927), $0.35 

Compressed-Air Machinery and Equipment (B19—1938), $0.30 

Description and Schematic Layouts of Various Types of Undercar 
Safeties and Governors (published 1945), $0.40 

Handling and Socketing of Wire Rope (published 1945), $0.25 


Biographies 


IOGRAPHIES issued under the sponsorship of the A.S.M.E. 
Biography Committee are as follows: 


Autobiography of an Engineer, by W. LeR. Emmet (1940), $3.50 
Autobiography of John Fritz (1940), $3.25 

Biography of Fred J. Miller (1941), $1.00 

Life of Henry Laurence Gantt, by L. P. Alford (1934), $5.00 


Books on Special Subjects 


Automotive—Diesel Engine Cost and Performance Data (1943), 
$0.25 

Corrosion-Resistant Metals (1936), $1.25 

Creative Engineering (1944), $0.50 
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Design Data on Strength of Materials, Book 1 (1944), $1.50 
Design Data on Mechanics (1944), $1.50 

Engineering’s Part in the Development of Civilization (1939), $1.50 
Flow of Water in Pipes and Pipe Fittings (1941), $8.00 
Forging of Steel Shells (1944), $0.75 

Furnace-Performance Factors (1944), $1.00 

General Discussion on Lubrication (1938) (no discount), $6.50 
Graphitization of Steel Piping (1943-1944), $1.50 

Hydraulic Structures (1937), $18.00 

I.S.A. Tolerance System (1942), $2.50 

Manual on Cutting of Metals (1939), $5.00 

Manual of Consulting Practice (1939), $0.40 

Oil Engine Power Cost Report (1943), $1.25 

Reflections on the Motive Power of Heat (1943), $2.75 

Sixty Year Index to A.S.M.E. Technical Papers (1941), $3.75 
Theoretical Steam Rate Tables (1937), $1.25 


Regular Society Publications 


Mechanical Engineering*—Annual Subscription rate in United States 
$6.00; to Canada $6.75; elsewhere, $7.50 

A.S.M.E. Transactions,* including Journal of Applied Mechanics, 
Annual subscription rate in United States, $12.00, elsewhere, $12.75 

1946 A.S.M.E. Mechanical Catalog and Directory, $3.00 (sent gratis 
to members upon request) 


*Subscription price included in A.S.M.E. membership dues. 
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